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INTRODUCTION 

T h e  area r u l e  i s  a means for r e l a t i n g  the  broad shock 

waves produced by c o n f i g u r a t i o n  a t  t r a n s o n i c  and supe r son ic  

speeds  and t h e  r e s u l t i n g  wave drag  t o  t h e  c r o s s - s e c t i o n a l  areas  

o f  t h e  a i r p l a n e .  I n  t h e  o ~ i g i n a l  consept ion ,  t h e  a r e a  r u l e  w a s  

r e l a t i v e l y  s i m p l e ,  However, throughout  t h e  g a s t  s e v e r a l  y e a r s ,  

a number of e x t e n s i o n s  of t h e  r u l e  have been developed which, 

wh i l e  g r e a t l y  i n c r e a s i n g  t h e  e f f e c t i v e n e s s  of a p p l i c a t i o n  of 

t h s  concept ,  have r e s l r l t e d  i n  cons ide rab ly  g r e a t e r  complexi ty .  

These  l e c t u r e s  w i l l  be concerned g e n e r a l l y  w i t h  t h e  p h y s i c a l  

b a s i s ,  t h e  development, t h e  a p p l i c a t i o n ,  and l i m i t a t i o n s  o f  t he  

basic r u l e  and i t s  ex tens ions .  

The a r e a  r u l e  has been u t i l l z e d  t o  s i g n i f i c a n t l y  

r educe  t h e  supe r son ic  d r a g  of a number of American a i r p l a n e s .  

The n o s t  f r u i t f u l  a p p l i c a t i o n  has been w i % h  a mul t i -engine  

s u p e r s o n i c  bomber. The d rag  of t h i s  c o n f i g u r a t i o n  f o r  t h e  supe r -  

s o n i c  f l i g h t  speeds  w a s  reduced by as much bs one t h i r d  by t h e  

r e s h a p i n g  of the  f u s e l a g e  and by changing t h e  p o s i t i o n s  o f  t h e  

eng ine  n a c e l l e s  and e x t e r n a l  bomb as  indica-bed by t h e  area r u l e .  

Because o f  its b a s i c  l i m i t a t i o n s ,  it i s  probable  t h a t  t h e  a r e a  

r u l e  canno t  be used t o  improve t h e  d r a g  c h a r a c t e r i s t i c s  of h i g h  

performance a i r p l a n e s  and m i s s i l e s  f l y i n g  a t  Mach numbers g r e a t -  

e r  t h a n  rough ly  a va lue  of 2.0,  However, f u t u r e  t r a n s p o r t ,  

l o g i s t i c ,  and ground-support  type  a i r p l a n e s  w i l l  probably f l y  

i n  t h e  speed  r ange  where t h e  a r e a  r u l e  i s  a p p l i @ a b l e .  Applica- 

tions of  r e c e n t  e x t e n s i o n s  of t h e  a r e a  r u l e  w i l l  probably r e s u l t  

I n  s i g n i f i c a n t  improvement of t h e  d r a g  c h a r a c t e r i s t i c s  of  such  

t y p e s  of a i r p l a n e  c o n f i g u r a t i o n s ,  



c .- 

T h e  l e c t u r e s  w i l l  i nc lude  : f i r s t ,  a d i s c u s s i o n  o f  t h e  

t r a n s o n i c  a r e a  r u l e  a s  i n t e r p r e t e d  from expe r imen ta l  measure- 

nents  and t h e o r e t i c a l  c a l c u l a t i o n s ;  secondly ,  a d e s c r i p t i o n  o f  

tiie supe r son ic  a r e a  r u l e  t o g e t h e r  w i t h  s e v e r a l  t h e o r e t i c a l  

ex tens ions  of t h e  supe r son ic  a r e a  r u l e  t o  account  f o r  t h e  a s y m -  

uI?tr.y o f  t h e  f low f i e l d  a t  supe r son ic  speeds ;  t h i r d l y ,  d i s c u s -  

s i o n s  of c e r t a i n  r e f inemen t s  r e q u i r e d  i n  p r a c t i c a l  a p p l i c a t i o n ,  

L:ie  e f f e c t s  o f  a i r p l a n e  d e s i g n  parameters  on t h e  e f f e c t i v e n e s s  

o f  a r e a - r u l e  m o d i f i c a t i o n s ,  and l i m i t a t i o n s  i n  t h e  a p p l i c a t i o n s ,  

and f o u r t h l y ,  a d e s c r i p t i o n  of methods f o r  u t i l i z a t i o n  o f  t r tr  

a r e a  r u l e  i n  d e l a y i n g  t h e  o n s e t  o f  d r a g  r i s e  a t  h i g h  subsonic  

s geeds e 

* 



T R A N S O N I C  AREA R U L E  

Basic  Rule 

Following t h e  completion o f  t h e  8 - f o o t  t r a n s o n i c  

t u n n e l ,  comprehensive r e s e a r c h  programs were c a r r i e d  ou t  i n  

t h i s  new f a c i l i t y  t o  determine the  e f f e c t s  of a wide range of 

v a r i a b l e s  on wing-fuselage i n t e r f e r e n c e  a t  t r a n s o n i c  speeds and 

t o  s tudy  t h e  flow o v e r  a t y p i c a l  c o n f i g u r a t i o n  a t  t h e s e  speeds.  

The r e s u l t s  of t h e  i n i t i a l  sys temat ic  program i n d i c a t e d  l a r g e ,  

h i g h l y  v a r i a b l e  wing-fuselage i n t e r f e r e n c e  a t  t h e s e  t r a n s o n i c  

speeds.  The f low surveys  showed shock p a t t e r n s  completely i n -  

dependent of t h e  wing geometry. c o n s i d e r a t i o n  of t h e s e  r e s u l t s ,  

t o g e t h e r  wi th  an a n a l y s i s  of t h e  gene ra l  p h y s i c a l  n a t u r e  of  t h e  

f l o w  a t  t r a n s o n i c  speeds,  has  l e d  t o  t h e  conc lus ion  t h a t  near  t h e  

speed of sound t h e  d rag  r i s e  f o r  a t h i n  low-aspec t - r a t io  wing- 

body combination i s  p r i m a r i l y  dependent on t h e  a x i a l  d i s t r i b u t i o n  

of c r o s s - s e c t i o n a l  a r e a  normal t o  t h e  a i r s t r e a m  (Reference 1). 

(The d r a g  r i s e ,  sometimes r e f e r r e d  t o  a s  p r e s s u r e  drag ,  is  t h e  

d i f f e r e n c e  between t h e  drag l e v e l  near  t h e  speed of sound and 

t h e  d r a g  l e v e l  a t  subsonic  speeds where t h e  d r a g  is due pr imar i -  

ly t o  s k i n  f r i c t i o n . )  I n  order  t o  i l l u s t r a t e  t h e  concept ,  

f i g u r e  1 shows  a wing-body combination and a body of r e v o l u t i o n .  

A t y p i c a l  c r o s s  s e c t i o n  normal t o  t h e  a i r s t r e a m  f o r  t h e  wing- 

body combination i s  shown a t  A A .  The c r o s s - s e c t i o n a l  a r e a  o f  

t h e  wing i s  wrapped around t h e  body o f  r e v o l u t i o n  s o  t h a t  t h e  

body has t h e  6-e c r o s s - s e c t i o n a l  a r e a  a t  BB. A l l  t h e  o t h e r  

c r o s s - s e c t i o n a l  a r e a s  of t h e  body o f , r e v o l u t i o n  a r e  t h e  same a s  

those  f o r  t h e  wing-body combination a t  t h e  same a x i a l  s t a t i o n s .  

On t h e  b a s i s  o f  t h e  conclus ion  j u s t  s t a t e d ,  t h e  drag r i s e  f o r  

t h i s  body o f  r e v o l u t i o n  should be s i m i l a r  t o  t h a t  f o r  t h e  



wing-body combination. 

T h i s  r e l a t i o n s h i p  of t h e  d r a g - r i s e  increments  f o r  

t h e  wing-body cornbination and the  comparable body of r e v o l u t i o n  

i s  due p r imar i ly  t o  the  gene ra l  s imi l a r i t i e s  of t h e  ma jo r  por- 

t i o n s  of t h e  e x t e n s i v e  f low f i e l d s  o f  t h e  a o n f i g u r a t i o n s ,  These 

s i m i l a r i t i e s  a r e  i l l u s t r a t e d  i n  f i g u r e  2 which p r e s e n t s  

s c h l i e r e n  photographs o f  t h e  f l o w  f i e l d s  f o r  an  unswept wing- 

body combination, t o g e t h e r  w i t h  t h a t  f o r  an e q u i v a l e n t  body of 

r evo lu t ion .  The combination has been r o l l e d  t o  t h r e e  p o s i t i o n s  

so t h a t  s i d e ,  p lan ,  and in t e rmed ia t e  v i e w s  a r e  seen ,  Near t h e  

edges of  t h e  p i c t u r e s ,  t h e  observed shocks f o r  t h e  combination 

i n  each view are  g e n e r a l l y  similar t o  t h o s e  f o r  t h e  e q u i v a l e n t  

body. These comparisons a r e  i n d i c a t i v e  of t h e  s i m i l a r i t i e s  of 

t h e  ex tens ive  f i e l d s  beyond t h e  v i e w  of t h e  s c h l i e r e n ,  Near t h e  

c o n f i g u r a t i o n s  t h e r e  a r e  some d i f f e r e n c e s  of  t h e  flow f i e l d s  

f o r  the  wing-body combinations and e q u i v a l e n t  bodies  o f  revob- 

u t i o n .  However, t h e  major  p o r t i o n  of t h e  energy l o s s e s  a s s o c i a t -  

ed with the  shocks i s  produced i n  t h e  e x t e n s i v e  r e g i o n s  a t  

a p p r e c i a b l e  d i s t a n c e  from t h e  c o n f i g u r a t i o n .  The re fo re ,  from a 

drag s t andpo in t ,  it may be assumed t h a t  t h e s e  d i f f e r e n c e s  near  

t h e  conf igu ra t ion  a r e  of  secondary importance.  The g e n e r a l  

s i m i l a r i t i e s  of t h e  e x t e n s i v e  flow f i e l d s  a t  d i s t a n c e s  from 

t h e  c o n f i g u r a t i o n  may be a t t r i b u t e d  t o  s e v e r a l  aerodynamic 

phenomena c h a r a c t e r i s t i c  of flow nea r  the  &peed of  sound, F i r s t ,  

t h e  f i e l d  of any g iven  displacement  is c o n a e n t s a t e d  i n  a p l ane  

n e a r l y  normal t o  t h e  a i r s t r e a m ,  Because of t h i s  f a o t ,  t h e  

streamwise l o c a t i o n s  of t h e  e f f e c t s  of t h e  d i sp lacemen t s  of t h e  

wing a r e  e s s e n t i a l l y  t h e  same as t h o s e  f o r  t h e  cor responding  

e f f e c t s  produced by t h e  comparable body of r e v o l u t i o n .  Secondly,  

a t  t h e s e  cons ide rab le  l a t e r a l  d i s t a n c e s  from t h e  6 o n f i g u r a t i o n ,  

t h e  f i e l d  is  p r i m a r i l y  dependent on t h e  g e n e r a l  d i sp lacement  

of  t h e  c o n f i g u r a t i o n  r a t h e r  t han  on the  d e t a i l s  of t he  shape ,  
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The g e n e r a l l y  c l o s e  s i m i l a r i t i e s  of t he  e f f e c t i v e  f i e l d s  f o r  

t h e  wing-body cwmbination and t h e  aomparable body of r e v o h t i o n  

in t h e  r eg ions  producing t h e  main po r t ion  of t h e  shock l o s s e s  

s u g g e s t s  t h a t  t h e  energy l o s s e s  a s s o c i a t e d  w i t h  t h e  shocks f o r  

t h e  two c o n f i g u r a t i o n s  should  be s i m i l a r .  S ince  the d rag  rise 

for t h i n  low-aspec t - r a t io  wings is due p r i m a r i l y  t o  shock l o s s e s ,  

t h e  drag r i s e  f o r  t h e  combination should be approximate ly  t h e  

same as  tha t  f o r  t h e  equ iva len t  body of r e v o l u t i o n ,  

I n  f i g u r e  3, t h e  measured d r a g - r i s e  increments  f o r  
v a r i o u s  swept-, d e l t a - ,  and unswept-wing-body combinat ions and 

complete a i r p l a n e s  a t  a Mach number of  1-03 a r e  compared w i t h  

t h e  increments  f o r  equ iva len t  b o d i e s  of r e v o l u t i o n .  The a s p e c t  

r a t i o s  of t h e  wings a r e  4 o r  l e s s  and t h e  t h i c k n e s s  r a t i o s  are 
7 p e r c e n t  o r  less.  Except f o r  one c o n f i g u r a t i o n ,  t h e r e  is  a 
g e n e r a l  q u a l i t a t i v e  agreement between t h e s e  d r a g - r i s e  increments .  

Dev ia t ions  from exac t  agreement a r e  due t o  second-order  e f f e c t s ,  

such as d i f f e r e n c e s  of t h e  flow f i e l d s  as shown i n  f i g u r e  2 .  The 

s i n g l e  case  of  marked d isagreement  is f o r  a swept wing a i r p l a n e  

c o n f i g u r a t i o n .  T h i s  disagreement  is a s s o c i a t e d  w i t h  t h e  small 

p o s i t i v e  t r a i l i n g  edge sweep a n g l e  f o r  t h i s  conf igu ra t ion .  As 

would be expected,  t h e  c o r r e l a t i o n  between t h e  d r a g - r i s e  increm- 

e n t s  of  t h e  wing-body combinat ions and t h e  e q u i v a l e n t  body of 

r e v o l u t i o n  g e n e r a l l y  becomes l e s s  c l o s e  as t h e  Mach number is 
i n c r e a s e d  beyond 1.0. The s e v e r i t y  of t h i s  d ivergence  var ies  

markedly depending on t h e  conf igu ra t ion .  

Theory  

Up t o  t h i s  p o i n t ,  we have d i scussed  t h e  exper imenta l  

v e r i f i c a t i o n  o f  t h e  a r e a  r u l e ,  The t h e o r e t i c a l  work r e l a t e d  t o  

t h e  a r e a  r u l e  w i l l  now be d iscussed .  Wallace D.  Hayes i n  h i s  

1946 t h e s i s  on Linea r i zed  Supersonic  Flow (Reference 2 )  



developed equa t ions  f o r  computing supersonic  wave d r r g  by con- 

s i d e r i n g  t h e  e f f e c t  o f  sou rce  and s i n k s  d i s t r i b u t e d  over t h e  

s u r f a c e  of t h e  body on t h e  flow f i e l d  8 t  a d i s t r n c e  from t h e  

body. H i s  equa t ions  i n d i c r t e d  t h r t  when t h e  Mrch number 

approsahes 1.0, t h e  c i r c u m f c r e n t i r l  v a r i a t i o n s  of t h e  e f f e c t s  

o f  the conf igu ra t ion  on t h e  f low f i e l d  a t  8 d i s t 8 n c e  t end  t o  
d i sappear .  However, because of  the  l i m i t r t i o n s  of t h e  t h e o r y  a t  

t r a n s o n i c  speeds ,  t h i s  r e s u l t  was n o t  thought  t o  be of  p r a c t i c a l  

signifAc8nce. Later, G.N. Ward (Reference 3 ) ,  E.W. Grah8m 

(Reference 4), and K .  Oswr t i t s ch  (Reference 5 ) ,  rnd o t h e r s  res- 

t r i c t e d  themaelves t o  very  narrow o r  s l e n d e r  s h r p o s  and express -  

ed th.e wave d r r g  i n  terms of t h e  l o n g i t u d i n a l  a r e a  d i s t r i b u t i o n  

f o r  Mach numbers rbove 1.0 where t h e  l i n e a r  t heo ry  h r s  a b e t t e r  

j u s t l f i c a t i o n .  More r e c e n t l y ,  t h e  t h e o r y  f o r  t h e  Mach number of' 

1.0 a r e a  r u l e  has  been g r e a t l y  extended by a number of people .  

Sune B. Berndt of  t h e  Aeron8u t i c r l  Research I n s t i t u t e  of Sweden 

(Reference 6 ) ,  W.T. L o r d ,  R o y a l  A i r c r a f t  Es t ab l i shmen t ,  K e i t h  

C .  Harder rnd E.B. Klunker of t h e  Langley Research Center  of 

t h e  Nat iona l  Advisory Committee f o r  Aeronaut ics  (Reference 7 )  
rnd a number of people  a t  t h e  Arne8 Research  Center  of t h e  NACA 

have c o n t r i b u t e d  t o  t h e  theory .  

Sincle t h e  a r e a  r u l e  r e l a t e s  the  d r r g  of wing-body corn- 

bln8tiOn8 t o  e q u i v a l e n t  bodies  of  r e v o l u t i o n ,  i t  might be 

expected t h a t  t h e  d r r g  of 8 wing-body combinat ion could  be 

computed u t i l i z i n g  l i n e a r  t h e o r i e s  f o r  bod ie s  of r e v o l u t i o n .  

However, it has been shown expe r imen ta l ly  by a number of 
experiment. t h a t  t h i s  l i n e a r  t h e o r y  does  n o t  p r e d f c t  a c c u r r t e l y  

t h e  drag  of 8 body of r e v o l u t i o n  n e a r  t h e  speed of sound. 

Theory p r e d i c t s  an r b r u p t  i n c r e a s e  i n  d r r g  by t h e  body of r e v -  

o l u t i o n  a t  supersonic  speeds whi le  exper iments  g e n e r a l l y  i n d i c -  

a t e  a gradual  i n c r e r s s  i n  the  wave drrg  f o r  8 body of r e v o l u t i o n  

f r o m  Mach numbera aomewhrt below t h e  speed of sound t o  s l i g h t l y  

8 b O V e  t h e  apeed of sound. The drag  a t  the  apeed of sound l a  



7.- 

normally ha l f  of t h e  f u l l y  developed wave drag a t  s l i g h t l y  

supe r son ic  speeds.  T h i s  g radua l  bu i ld  up  of t he  wave d r a g  is 
a s s o c i a t e d  w i t h  t he  g radua l  t r a n s i t i o n  of  t h e  f low c o n d i t i o n s  

from t h e  u s u a l  subsonic  phenomena t o  t h e  c o n d t t i o n s  assumed i n  

t he  theo ry ;  t h a t  is, a c o n d i t i o n  w i t h  t h e  bow shock e s s e n t i a l l y  

a t tached  t o  t he  nose of t h e  bodles  and the  a f t  shock e s s e n t i a l -  

l y  a t  t h e  base of t h e  bodies .  Because of t h i s  development,  t h e  

agreement between d rag  determined on the b a s i s  of exper imenta l  

body t h e o r y  and exper imenta l  drag nea r  the speed of  sound has 

been poor.  I t  is  now g e n e r a l l y  accepted  t h a t  computat ions of 

t he  wave  d rag  must be l i m i t e d  t o  Mach numbers above approximate-  

l y  1.05. T h e  computation o f  wave drag for l o w  supe r son ic  Mach 

numbers w i l l  be dPscussed i n  t h e  f O l l G W i i ? . . g  i e c t u r e s .  

Fuse lage  Shaping 

It  would be expected on t he  bzs i s  o f  % h i s  concept  t ha t ,  

near  t h e  speed of sound, t h e  minimum drag r i s e  would be ob ta ined  

by d e s i g n i n g  a wing-body combination w i % h  an area d i s t r i b u t i o n  

similar t o  t h a t  for a smooth body of r e v o l u t i o n  w i t h  t h e  h i g h e s t  

p o s s i b l e  f i n e n e s s  r a t i o .  T h e  f i n e n e s s  r a t i o  t h a t  should  be used 

i s  p robab ly  cons ide rab ly  l e s s  t h a n  t h a t  r e q u i r e d  f o r  m i n i m u m  

t o t a l  d r a g  because of such problems as a i r p l a n e  s t a b i l i t y  and 

s t r u c t u r a l  weight .  One method of o b t a i n i n g  t h i s  f a v o r a b l e  area 

d i s t r i b u t i o n  i s  t o  r e shape  t h e  body. A number of exper iments  

have been made t o  de te rmine  t h e  e f f e c t i v e n e s s  of such r e shap ing .  

R e p r e s e n t a t i v e  r e s u l t s ,  ob ta ined  i n  t h e  Langley 8 - foo t  t r a n s o n i c  

t u n n e l ,  a r e  p resen ted  i n  f i g u r e  4.  
On t h e  l e f t - h a n d  s i d e  of t h i s  f i g u r e  a r e  shown the  

e f f e c t s  of such a body mod i f i ca t ion  on t h e  z e r o - l i f t  d r a g - r i s e  

c h a r a c t e r i s t i c s  of a 6 -pe rcen t - th i ck ,  a s p e c t  r a t i o  4 ,  45" swep t -  



wing-body combination, T h e  s o l i d  l i n e  shows the  v a r i a t i o n  of 

drag f o r  t h e  wing i n  combination w i t h  a body of r e v o l u t i o n  Of 

f i n e n e s s  r a t i o  of  11. The wing i s  p laced  on the  body i n  such (I 

manner t h a t  t h e  l e a d i n g  edge of t h e  wing I s  a t  t h e  maximum 

diameter  of t h e  body. With t h i s  arrangement,  t h e  l n d e a t n t i o n  

L~.sed d i d  n o t  change t h e  maximum o r o s s - s e c t i o n a l  area of the 
body.  The dashed l i n e s  a r e  t h e  r e s u l t s  ob ta ined  f o r  t h e  wing In 

combination w i t h  a body of  r e v o l u t i o n  indented  c i r c u l a r l y  t o  I 

o b t a i n  t h e  same a r e a  d i s t r i b u t i o n  a s  f o r  t h e  o r i g i n a l  body a l o n e o  

For  comparison, t h e  r e s u l t s  f o r  t h e  body a l o n e  a r e  a l s o  shown, 

I n d e n t a t i o n  e l imina ted  approximately 90 p e r c e n t  o f  t he  drag  

r i se  a s s o c i a t e d  w i t h  t h e  wing a t  Mach numbers from 1 , O O  t o  1.05. 

The d i f f e r e n c e  from t h a t  expected may be a t t r i b u t e d  t o  second- 

a r y  f lows n o t  accounted f o r  by t h i s  l i n e a r  t heo ry .  When t h e  

Mach number is i nc reased  beyond 1.05, t h e  d r a g  r i s e  f o r  t h e  

indented  wing-body combination approaches t h a t  f o r  t h e  o r i g i n a l  

wing-body combination. 

I 

I 

I 

On t h e  r igh t -hand s i d e  of f i g u r e  4 a r e  p re sen ted  t h e  

e f f e c t s  o f  body i n d e n t a t i o n  on t h e  z e r o - l i f t ' d r a g - r i s e  charac-  

t e r i s t i c s  f o r  a 4 -pe rcen t - th l ck ,  60" delta-wing-body combin- 

a t i o n .  The s o l i d  curve shows t h e  d r a g  c h a r a c t e r i s t i c s  f o r  t h e  

wing i n  combination w i t h  a body o f  r e v o l u t i o n  having  a f i n e n e s s  

r a t i o  of 7.5. The dashed l i n e  i n d i c a t e s  t h e  d rag  v a r i a t i o n  a f t e r  

t h e  body has  been indented c i r c u l a r l y  t o  produce an  a r e a  d i s t r i b -  

u t i o n  f o r  t h e  combination t h e  same a s  t h a t  f o r  t h e  o r i g i n a l  

body alone. I n  t h i s  case ,  t h e  i n d e n t a t i o n  reduced t h e  maximum 

c r o s s - s e c t i o n a l  a r e a  of t h e  body somewhat. It may be noted  t h a t  

a g a i n  a s i g n i f i c a n t  r e d u c t i o n  in t h e  drag r ise  was ob ta ined  by 

such an i n d e n t a t i o n  a t  t r a n s o n i c  speeds.  However, i n  t h i s  c a s e ,  

t h e  d rag  r i s e  f o r  t h e  indented  wing-body combinat ion is s i g n i f -  

i c a n t l y  g r e a t e r  t han  t h a t  for t h e  body a l o n e ,  T h i s  d e v i a t i o n  

f r o m  t h e  r e s u l t  which might  be expec ted  on t h e  b a s i s  of t h e  



a r e a - d i s t r i b u t i o n  concept  i s  probably due p r i m a r i l y  t o  i n c r e a s -  

ed secondary f l o w s  a s s o c i a t e d  with t h e  s t r a i g h t  wing t r a i l i n g  

edge and the a b r u p t  contours  of t he  f u s e l a g e .  

R e s u l t s  ob ta ined  wi th  smooth-surfaced c o n f i g u r a t i o n s  

have i n d i c a t e d  a marked r e d u c t i o n  i n  d rag  a t  subsonic  speeds  

a s s o c i a t e d  w i t h  t h e  u s e  of i n d e n t a t i o n  wi th  swept and d e l t a  

wings. However, w i t h  fixed t r a n s i t i o n  t h i s  d i f f e r e n c e  i s  n o t  

p r e s e n t .  T h e  i n f l u e n c e  of s u r f a c e  c o n d i t i o n s  on t h e  e f f e c t s  

o f  i n d e n t a t i o n  a p p a r e n t l y  dec reases  w i t h  i n c r e a s e  i n  t h e  Mach 

number t o  supe r son ic  speeds.  Obviously, t h e  volume of t h e  i n -  

den ted  wing-body combination i s  not as great a s  t h a t  for t h e  

o r i g i n a l  wing-body combination. However, i n c r e a s i n g  t h e  s i z e  o f  

t h e  body t o  r ecove r  t h e  volume l o s t  i n  i n d e n t a t i o n  would i n -  

c r e a s e  the d r a g  f o r  the indented  combination by a sma l l  f r a c -  

t i o n  of t h i s  r e d u c t i o n  i n  d rag  obta ined .  

The q u e s t i o n  now might a r i s e  as t o  whether it would 

be p o s s i b l e  t o  o b t a i n  d r a g  r educ t ions  a t  transorLic speeds b y  

adding t o  an e x i s t i n g  wing-body combination t o  o b t a i n  a more  

f a v o r a b l e  a r e a  d i s t r i b u t i o n .  Recent ly ,  i n v e s t i g a t i o n s  have been 

made of such a d d i t i o n s  on a 60" del ta-wing a i r p l a n e .  R e a u l t s  

a r e  p re sen ted  i n  f i g u r e  5. F i r s t ,  t h e  f u s e l a g e  w a s  extended 

approximate ly  8 p e r c e n t  t o  o b t a i n  a more f a v o r a b l e  area d i s -  

t r i b u t i o n  of t h e  rearward p o r t i o n  of  t h e  a i r p l a n e .  T h i s  

a d d i t i o n  r e s u l t e d  i n  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  d r a g  r i s e .  

F u r t h e r  r e d u c t i o n  w a s  o b t r i n e d  by adding s i d e  f a i r i n g s  t o  the 

extended c o n f i g u r a t i o n  t o  f i l l  t h e  d i p  i n  t h e  a r e a  d i s t r i b u t i o n  

as shown. T h e  body l i n e s  w i t h  t hese  a d d i t i o n s  were s t i l l  

r e l a t i v e l y  smooth. Addit ions which l e a d  t o  s e v e r e l y  i r r e g u l a r  

body l i n e s  would n o t  be recommended. 
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E f f e c t  of' Nace l l e  P o s i t i o n  

T h e  i n f l u e n c e  of e x t e r n a l  n a c e l l e s  on t h e  t r a n s o n i c  

drag  r i s e  may a l s o  be i n t e r p r e t e d  on t h e  b a s i s  of t h e  a r e a - r u l e  

concept ,  T h i n  i s  i l l u a t r a t e d  by t h e  exper imenta l  r e s u l t s  p rosen t -  

c t i  in fftjeir~a 6 0 Symmetr ical ly  mounted n a c e l l e s  were i n v e s t i g a t e d  

a t  a number of spanwise l o c a t l o n a  on a 45' swept wing w i t h  an 

a s p e c t  r a t i o  of 6 and a t h i c k n e s s  r a t i o  of 6 p e r c e n t  by t h e  

P i l o t l e s s  A i r c r a f t  Research Div ia ion ,  T h e  d r a g - r i s e  c h a r a c t e r i s -  

t i c s  a r e  shown on t h e  l e f t  o f  t h e  figure; t h e  a x i a l  developments 

of c r o s s - s e c t i o n a l  a r e a  a r e  shown on t h e  r i g h t ,  T h e  h i g h e s t  

t r a n s o n i c  d r a g  was obta lned  w i t h  t h e  n a c e l l e  p o s i t i o n  g i v i n g  

t h e  h i g h e s t  maximum a r e a  and g r e a t e s t  r a t e s  of change of a r e a o  

The drag rise is p r o g r e s s i v e l y  reduced w i t h  improvements i n  t h e  

area development, For  t h e  t i p  l o c a t i o n  o f  t h e  n a c e l l e o  a f avor -  

a b l e  e f f e c t  on d rag  was measured, T h i s  e f f e c t  may be a t t r i b u t e d  

t o  t h e  lengthening  of  t h e  t o t a l  a r e a  development w i t h  t h e  a s s o c i -  

a t e d  r educ t ion  of' t h e  r a t e s  of change of" a r e a  a long  t h e  a f t  

p o r t i o n  o f  t h e  c o n f i g u r a t i o n ,  
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SUPERSONIC AREA RULE 

Basic Rule 

A t  s upe r son ic  speeds,  t h e  d i s t u r b a n c e  f i e l d s  a r e  

c o n i c a l  ra ther  than  p l ana r  as a t  t r a n s o n i c  speeds and it would 

be expected t h a t  an  a r e a - r u l e  des ign  procedure based on a con- 

s i d e r a t i o n  of such c o n i c a l  f i e l d s  would provide  improved d r a g  

c h a r a c t e r i s t i c s  a t  t h e s e  h i g h e r  speeds.  Such a method, referred 

t o  as the  supe r son ic  a r e a  r u l e ,  has  been developed on the basis  

of t h e  t h e o r e t i c a l  work of W.D. Hayes ( r e f .  2) and by cons ide r -  

i n g  the  p h y s i c a l  n a t u r e  of t h e  flow. Most  of t he  r e d e s i g n s  of 

American a i r p l a n e s  based on t h e  a r e a  r u l e  have u t i l i z e d  t h i s  

e x t e n s i o n ,  As i n  t h e  prev ious  s e c t i o n ,  l e t  u s  cons ide r  t h e  

p h y s i c a l  n a t u r e  of the f l o w  f i rs t ,  and t h e n  cons ide r  the  t h e o r -  

e t i c a l  a s p e c t s  of  t h e  problem. 

As a t  t r a n s o n i c  speeds,  t h e  major p a r t  of t h e  wave 

d r a g  f o r  a wing-body combination a t  supe r son ic  speeds r e s u l t s  

f r o m  lo s ses  a s s o c i a t e d  w i t h  shocks a t  c o n s i d e r a b l e  d i s t a n c e s  

from the c o n f i g u r a t i o n .  Thus t h e  wave d r a g  may be e s t ima ted  

by c o n s i d e r i n g  the stream d i s t u r b a n c e s  produced by a conf igu r -  

a t i o n  a t  t h e s e  d i s t a n c e s .  A t  moderate supe r son ic  speeds,  t h e s e  

d i s t u r b a n c e s  may be cons idered  in i n d i v i d u a l  s t ream t u b e s ,  such 
as  A i n  f i g u r e  7. If small induced v e l o c i t i e s  a r e  assumed, the  

e f f e c t s  o f  changes i n  the c o n f i g u r a t i o n  a r r i v e  a t  p o i n t s  on t h i s  

t u b e  a long  Mach l i n e s  which l i e  on cone segments, such as  B e  For  

r e a s o n a b l e  d i s t a n c e s  from t h e  c o n f i g u r a t i o n ,  roughly 2 spans  o r  

g r e a t e r ,  and normal, r e l a t i v e l y  low-aspec t - r a t io  wings, t h e  s u r -  

f a c e  of t h e s e  cone segments i n  t h e  r e g i o n  of  t h e  c o n f i g u r a t i o n  

may be assumed t o  be t h e  Mach planes,  such a s  C ,  t a n g e n t  t o  t h e  

cone segments between t h e  tube  A and the a x i s  o f  symmetry .  
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Consideration of the propagation of the local effects 

of  the configuration indicates that the variations in the dis- 

turbances at the stream tube A generally may be assumed to be 

approximately proportional to streamwise changes in the normal 
components of the total areas of the cross sectionss such as DD, 
intersected by these Mach planes, It follows that the wave loss- 
IS in the stream tube are functions of the axial distribution 

of these cross-sectional arease Obviously, the losses in the set 

of stream tubes along a given radial sector are functions of 
one axial distribution of cross-sectional area while those in 
tubes in circumferentiolly displaced sectors are functions of 

various distributions determined by sets of Mach planes with 

axes of tilt rotated about the axis of symmetry, 
It follows from the foregoing consideration8 that the 

zero-lift wave drag for a wing-body combination at a given 

moderate supersonic Mach number is related to a number of dis- 
tributions of the normal Components of cross-sectional areas as 

intersected by Mach planes which are inclined to the stream at 

the Mach angle m (figure 8 ) ,  The various distributions are 

obtained with the axis of tilt of these Mach planes rolled to 

various positions around the center line of the configuration. 

This procedure is illustrated in figure 8. For clarity, the 
position of the axis of tilt of the Mach plane is maintained 

and the configuration i a  rolled, For configurations symmetrical 
about horizontal and vertical planes, the area distributions 

are determined for various roll angle 8 Prom Oo to 90". T h e  

approximate wave drag for the combination i s  an average of 
functions of a number of  area distributions so determined. FL? 

area distributions obtained for the configuration shown in. 

figure 8 with the two representative roll angles are presented 
---, t h e  bottom of the figure. As indieated by these curves *hs 

~r?liOus distributions for a given Mach number may differ 
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cons ide rab ly .  Obviously, t h i s  r e l a t i o n s h i p  reduces  t o  t h e  

t r a n s o n i c  a r e a  r u l e  a t  a Mach number of 1.0, 

Hayes r e l a t e s  t h e  d i s t u r b a n c e s  i n  t h e  f i e l d  t o  t h e  

source  and s i n k s  over t h e  s u r f a c e  ob bodies  i n  Mach p lanes  

s i m i l a r  t o  those  desc r ibed  above. By adop t ing  a s i m p l i f i e d  

r e l a t i o n s h i p  between t h e  flow s t r e n g t h  and t h e  geometry of t h e  

bodies ,  namely t h e  f l o w s  s t r e n g t h  i s  p r o p o r t i o n a l  t o  t h e  norm- 

a l  component of t h e  s t ream v e l o c i t y  at t h e  body s u r f a c e B  it i s  

p o s s i b l e  t o  u t i l i z e  Haye's formula t o  determine t h e  wave drag  

i n  terms of a r e a  d i s t r i b u t i o n .  T h o  t h e o r e t i c a l  development of 

t h e  supe r son ic  a r e a  rule on t h e  b a s i s  of Haye's theory  h a s  been 

done by Rober t  T. Jones  o f  t h e  A m e s  Research Center  (Reference 

8 )  and G.C. Grogrn, Jr .  o f  t h e  F o r t  Worth D i v i s i o n  of  Convair.  

As a means of v i s u a l i z i n g  t h i s  r e l a t i o n s h i p  of wave 

d r a g  w i t h  a x i a l  developments of c r o s s - s e c t i o n a l  a r e a g  equ iva l -  

e n t  b o d i e s  of r e v o l u t i o n  s i m i l a r  t o  t h o s e  u t f l f z e d  i n  d e s c r i b -  

i n g  t h e  t r a n s o n i c  concept could be developed from t h e s e  axial ,  

developments o f  c r o s s - s e c t i o n a l  area0 However9 i t  should be 

emphasized t h a t  t h e s e  bodies  have no phys fca l  s i g n i f i c a n c e  s i n c e  

t h e  flow f i e l d s  produced by each o f  t h e  bodies  i s  no t  t h e  same 

a s  t h e  flow f i e l d  produced by t h e  wing-body COmbin8tfOn as 

d e s c r i b e d  f o r  t h e  Mach number o f  1.0 casta A srn.11 p o r t i o n  o f  

t h e  flow f i e l d  f o r  a wing-body combination may be approximately 

t h e  same as t h a t  for each o f  t h e  e q u i v a l e n t  bodies .  

The c p p l i c s t i o n  c ? i  the s u p t r s a n i c  area  rlrlc is usuhlly 

s i m p l i f i e d  wi thou t  a s i g n i f i c a n t  loss i n  e f f e c t i v e n e s s  by con- 

s i d e r i n g  only t h e  c r o s s - s e c t i o n a l  a r e a s  of t h e  f u s e l a g e  i n t e r -  

cep ted  by normal cuts, ,  The a p p l i c a t i o n  i s  f u r t h e r  s i m p l i f i e d  

by u s i n g  f o r  wing c r o s s - s e c t i o n a l  ~ I ~ G O L S  t h e  areas of  s e c t i o n s  

normal t o  the plane of t h e  wing through t h e  i n t e r s e c t i o n  o f  t h e  

Mach p l a n e s  w i t h  t h e  p lane  of t h e  wing. Analysis  of a r e a  r u l e  

computat ion and f u s e l a g e  des igns  made wi th  varying numbers of 

area developments h a s  i n d i c a t e d  t h x t  U 8 U 8 l l y  t h e  r e s u l t s  



o b t a i n e d  by u s i n g  more than  t h r e e  a r e a  developments should n o t  

r e s u l t  i n  s i g n i f i c a n t  improvements beyond t h o s e  obta ined  w i t h  

t h r e e  . 
The wave drag f o r  t h e  wing-body combination may be 

computed by determining the  wave d r a g  f o r  a group of  d i s t r i b -  

u t i o n s  of c r o s s - s e c t i o n a l  a r e a  i n t e r c e p t e d  by t h e  Mach p lanes  

u t i l i z i n g  von Karman's well-known formula 

Numerous such oomputations o f  t h e  wave d rag  have been made by 

members of t h e  s t a f f s  of  the  NACA and many a i r c r a f t  manufactur- 

e r s o  I n  gene ra l ,  t h e  agreement between theo ry  and experiment I s  

r e l a t i v e l y  good p a r t i c u l a r l y  i n  d e f i n i n g  the  e f f e c t s  of t h e  

minor mod i f i ca t ions  i n  t h e  a i r a r a f t  c o n f i g u r a t i o n .  Some of the  

comparisons of theory  and experiment a r e  p re sen ted  i n  f i g u r e  9. 
The experimental  wave-drag c o e f f i c i e n t s  a r e  p l o t t e d  v e r t i c a l l y  

and t h e  c a l c u l a t e d  wave-drag c o e f f i c i e n t s  p l o t t e d  h o r i z o n t a l l y  

f o r  Mach numbers of 1.3 and 1.9. (The f l agged  symbols a r e  f o r  

Mach number o f  1.9, t h e  p l a i n  symbols f o r  1.3). The c a l c u l a t i o n s  

a r e  u n s a t i s f a c t o r y  near  a Mach number o f  l o o ,  b u t  improve 

r a p i d l y  a s  a Mach number of 1.3 is approachedo T h e  45" l i n e  

r e p r e s e n t s  p e r f e c t  agreemento The agreement i n  many c a s e s  i s  

good; however, t h e  w o r s t  agreement is of t h e  o r d e r  of 20 p e r c e n t .  

T h i s  should be expected s i n c e  t h e  a r e a  r u l e  is a f i r s t - o r d e r  

e f f e o t  and does  n o t  Inc lude  such e f f e c t s  as f low s e p a r a t i o n  and 

l o c a l  flow f i e l d s  produced by i n d i v i d u a l  components, 

(Reference 9). 

Fuse lage  Shaping 

On t h e  basis of t h i s  conoept ,  t he  approximate ly  

minimum wave d r a g  f o r  a wlng-body combinat ion a t  a g iven  super -  

s b n i c  speed would be ob ta ined  by shap ing  t h e  body so t h a t  the 

v a r i o u s  a r e a  d i s t r i b u t i o n s  f o r  t h i s  speed approaah t h o s e  f o r  

bodies  of r e v o l u t i o n  w i t h  low wave d rag ,  Lomax and H e a s l e t  
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(Reference 10) have found t h a t  t h e  minimum d rag  obta ined  by m 

r x l r l l y  sgmmetrlo i n d e n t a t i o n  of the f u s e l a g e  is  obta ined  by 

s u b t r a c t i n g  t h e  avorage of t h e  a r e a  developments f o r  t h e  wing 

from t h e  minimum drag  body f o r  the f i x e d  c o n d i t i o n s  under con- 

s i d e r r t i o n .  I n  gene ra l ,  f o r  a combinrt ion of  r p r a c t i o r l  wing 

w i t h  8 c i r c u l r r l y  indented  body, the area d i s t r i b u t i o n s  f o r  t h e  

va r ious  va lues  of 8 will d e v i a t e  f rom t h e  m 0 8 t  d e a i r r b l e  shapes.  

The p o s s i b i l i t i e s  of improving the v r r i o u s  a r e a  d i s t r i b u t i o n s  

a t  and o f f  t h e  de8ign c o n d i t i o n s  through t h e  use of body i n -  

d e n t a t i o n 8  are s t r o n g l y  dependent on t h e  geometry of t h e  wing, 

as  w i l l  be d i scussed  more f u l l y  l r ter .  

I n v e 8 t i g r t i o n s  have been mrdc of a number of  a x i a l l y  

~ymmot r i c  f u s e l a g e  mod i f i ca t ions  designed on t h e  b a s i s  of  the 

supe r son ic  aroa r u l e  t o  reduce d r a g  8% low supe r son ic  speeds.  

R e s u l t s  ob ta ined  f o r  one such exporimont a r e  pre8ented  in 
f i g u r e  10. The wing of t h e  c o n f i g u r a t i o n  h r s  45’ of sweepbrck 

of t h e  qua r t e rchord ,  a s p e c t  r a t i o  o f  4 ,  t a p e r  r a t i o  of 0.15, 

65A206 s e c t i o n  a t  t h e  r o o t ,  65A203 s e c t i o n  a t  t h e  50-percent  

semisprn, and 65A20J s e c t i o n s  at the r o o t  rnd t f p .  The f u s e l r g c  

h r s  been 8hrp.d c l r o u l a r l y  by s u b t r r c t l n g  the r v e r r g e  a r e a  

development f o r  t h r e e  r o t a t i o n s  of t h e  c u t t i n g  p lane  from a 

SQarS-Hlack a r e a  d i s t r i b u t i o n  f o r  minimum drag  w i t h  8 given 

volume. The incrementa l  d rag  c o e f f i u l o n t  w i t h  r e f e r e n c e  t o  t h e  

d r r g  c o e f f i c i e n t  ob ta ined  a t  a Mach number of 0.8 a r e  prerstntcd.  

The r e s u l t s  i n d i c r t e  t h r t  r n  i n d e n t r t i o n  des igned  on t h e  b r s i s  

of the subsonic  a r e a  r u l e  f o r  1. Mach number o f ’ 1 . 2  provides  

s i g n i f i c a n t l y  l e s s  wrve d r r g  than  t h e  i n d e n t r t i o n  des igned  f o r  

8 M8ch number of 1.0 a t  Mach numbers g r e a t e r  than  1.1. An i n -  
d e n t r t i o n  des igned  i n  8 similrr manner f o r  8 Mach number o f  1 .4  
r t 8 u l t s  i n  rn  i n c r e a s e  i n  drag over t h a t  f o r  t h e  1 .2  i n d e n t a t i o n  

a t  811 t e s t  Mach numbers. However, t h e  s l o p e s  of  t h e  curve8 are 
such  a8 t o  i n d i u r t e  t h a t  r t  Mach numbers g r e a t e r  t h a n  1.4,  t h e  

1.4 i n d e n t a t i o n  shou ld  provide loner  d rag  t h a n  the 1.2 indent -  
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a t i o n .  These r e s u l t s  t o g e t h e r  wi th  numerous o t h e r  r e s u l t s  i n -  

d i c a t e  t h e  advantage of des ign ing  supersonic  a i r p l a n e s  on t h e  

bas i s  of t h e  more complex supersonfc  a r e a  r u l e  r a t h e r  than t h e  

s i m p l e  sonic  area r u l e ,  The problem of s o l e a t i n g  t h e  optimum 

d e s i g n  Mach number f o r  a g iven  a i r p l a n e  des ign  w i l l  be cons ide r -  

ed l a t e r ,  

It would be expected t h a t  g r e a t e r  d rag  r e d u c t i o n s  

could be  ob ta ined  by shaping  t h e  f u s e l a g e  non-axiall.y-oymmetrfe- 

a l l y  s o  a s  t o  provide improved indiv idua l .  a r e a  developments f o r  

t h e  va r ious  r o t a t i o n s  of t h e  c u t t i n g  p l ane ,  The problem of 

a c t u a l l y  de te rmining  t h e o r e t i c a l l y  t h e  b e a t  non-c i r cu la r  shape 

for t h e  f u s e l a g e  c u t o u t  fop any wing a t  any s p e c i f i e d  Mach 

number has been under taken  by Harvard Lomax and Max A ,  H e a s l e t  

a t  Ames Research Center  (Reference lo), By a d m i t t i n g  s i n g u l a r -  

i t i e s  of h i g h e r  order -quadrupoles ,  e t c . ,  which would d i s t o r t  

t h e  r o t a t i o n a l  symmetry of t h e  f u s e l a g e ,  Lomax and H e a s l e t  have 

been a b l e  t o  show t h a t  t h e  wave d r a g  of  a g iven  wfng-body 

8ySttD can be reduced, i n  p r i n c i p l e  a t  l e a s t s  t o  a minimum va lue  

a s s o c i a t e d  with t h e  g iyen  o v e r a l l  l e n g t h  and volume of t h e  

system, t h a t  i s ,  t o  t h e  va lue  f o r  a s imple  Sears-Haack body 

con ta in ing  t h e  whole volume of t h e  system, T h i 8  va lue  i s ,  of 

course ,  no t  a n  a b s o l u t e  minimum for a g l v e n  vslume s i n c e ,  as 

shown by F e r r a r i ,  t h e  wave d rag  of a body can  be reduced t o  z e r o  

by s p o o i a l  volume d i s t r f b u t i o n s ,  The r e s u l t i n g  body c o n t a i n 8  two 

t y p e s  Of d i s t o r t i o n .  One t y p e  i s  t h e  axisymmetr ic  d i s t o r t i o n  due 

t o  t h e  BOurcese The other t y p e  is t he  nonaxksymmetric d i s t o r t i o n  

due t o  h igher  order  mul t ipo le s .  F i g u r e  11 8howa t h e  expe r imen ta l  

v e r i f i c a t i o n  o f  t h e  a b i l i t y  o f  t h e s e  d i s t o r t i o n s  t o  produce d r a g  

r educ t ions .  The t h e o r y  was a p p l i e d  t o  a wing o f  e l l i p t f o  p l a n  

form f o r  a des ign  Mach number of 2 .  Near t h e  wing, t h e  body h a s  

a dimpled shape. I n  t h e  exper iments ,  t r a n s i t i o n  was f i x e d  t o  

minimize change i n  v i scous  e f f e c t s ,  T h e  q u a n t i t y  C,, l a  t h o  d r i a L  
I r i t h  t h e  d i l s tor ted  body minus the  d r a g  w i t h  t h e  u n d i s t o r t e d  
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body, so that negative values represent drag reductions. The 
theoretical drag reduction at the design Mach number is shown. 

A signiffcant portion of this predicted reduction is realized 

experimentally over the Mach number range of 1.1 to 1.4. 

Moment-of-Area Rule 

Baldwin has expressed the wave-drag equation for the 

supersonic area rule in powers of the speed parameter shown at 

the top of figure 12. The constant coefficients art independent 

of Mach number and depend only upon the configuration geometry, 

that is, upon distributions of area and inoments of area about 
the longitudinal axis. In general, a depends orrly upon the 

area distribution, a2 depends upor, the second-moment-of-area 

distribution as well as the area distribution, a4 depends upon 
the fourth- and second-moment-of-area distributions and the 

area distribution, and so onD For a Mach number of 1, the drag 
equation becomes a function of the arcz distribution only, and 
thus reduces to that of the transonic area rule. As the Mach 

number is increased rbovu 1 the drag becomes dependent upon the 

distributions of the second and higher order moments of area. 

The theory thus offers, in principle at least, a means of 
optimizing the geometry of a configuration at a Mach number of 

1 in order to obtain a low wave drag at that “riach number and to 

obtain a low rate of increase in drag as the Mach number is 
increased above 1, In the applications of the moment-of-area 
rule made thus far, however, l o w  drag has been obtained for 

only sonic  and low supersonic speeds, a8 only the distributions 

of area and second moment of area have been optimized. 

0 

As an illustration of the application of the optimiz- 

ation procedure, consider the wing-body combination shown on the 

left in figure 12. A l s o  shown directly below, in 8Oli.d lines, 
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are the distributions of area and second moment of area for this 

basic configuration. The second-moment-of-area distribution of 

the body is small compared with that of the willg and is there- 

fore neglected. The shapes of these distribution curves are not 

conducive to low drag in that the area distribution has a bump 
at the location of the wing and the second-moment-of-area dis- 

tribution is short and has steep slopes, For a given volume and 
length the optimum shapes of the distribution curves are shown 
by the dashed lines. The optimum second-moment distribution is 
obtained by utilizing auxiliary bodies of revolution, or pods, 
mounted on the wing as shown on the right in figure 12, The 
optimum area distribution is obtained by reshaping the body after 
the pods have been added, Experimental values of the zero-lift 

wave-drag coefficients for both the basic and the modified con- 

figurations are shown in figure 13. A l s o  shown for comparisorA 

are experimental values of the wave drag of a similar config- 

uration modified according to the traneonic area rule, Note 

that the moment-of-area-rule modification resulted in lowest 

wave drag at all Mach numbers. The higher drag for the transoqic 

area-rule modification at a Mach number of 1 is believed to 
result from effects associated with the greater slopes of the 

body indentation on that configuration, 



19.- 

CONSIDERATIONS REGARDING THE APPLICATION OF THE AREA RULE 

TO THE DESIGN OF AIRPLANE FUSELAGES 

In designing a fuselage for a practical airplane 
configuration, many factors other than the simple geometric 

shape a r e  involved. Consideration must be given to the influences 
of asymmetries of real airplanes, engine air intake and exhaust 

flow, fixed areas of the fuselage, and wing parameters and 
design Mach number. A number of special extensions and tech- 
niques have been developed to account for such factors. These 

considerations do not invalidate the basic idee of the super- 

sonic area rule as previously published but allow a more effect- 
ive application of this relation to the design of fuselage con- 
tours of practical aircraft. No rigorous theoretical justific- 
ations are presently available for these considerations, which, 
for the most part, a re  based on physical reasoning. However, 

limited experiments indicate that usually 'these considerations 

provide improved drag characteristics. In one, the use of these 
procedures resulted in roughly a 100-percent increase in the 
effectiveness of the fuselage modifications. 

I 

Effects of Asymmetries 

The principal effect not accounted for by the super- 
sonic area rule is that of reflected waves. Thus, in the super- 
sonic-area-rule approximation, it is assumed that disturbances 

emanating from the wing or fuselage are not influenced by the 

presence of the wing, fuselage or t a i l .  In reality, some of 
the disturbances are reflected by these components. T h e  super- 

sonic area rule would be improved if procedures for accounting 

for these neglected effects could be incorporated into the rule. 
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In this section, a simple method is presented for estimating 
the effect of reflections produced by the wing and tail, 

Generally, the reflections produced by the body are extremely 

complex, and no simple method has been developed for handling 

these effects. However, the influence of these reflections is 

usually small compared with those produced by the wing and tail. 

The problem of reflections of disturbances by the wing 

or horizontal tail for asymmetrical configurations is illustrat- 
ed by the sketch in figure 14, Shown is the side view of a 
symmetric wing in combinrtion with a fuselage indented only 
above the wing. Most of the disturbances from the indentation 

above the wing which are directed downward are reflected up- 
ward by the wing as shown; thus,the body shaping above the 

wing should have little effect on the flow below the wing and 

an exaggerated effect above the wing, (For symmetrioal config- 

urations, the reflection of disturbances produced by changes 

in the fuselage shape below the wing replaces the disturbances 

produced by the upper part which could not pass through the 
wing. For such configurations, the reflection effects are 

accounted for by the basic area rule.) 

The adverse effects that may be associated with such 

reflections of disturbances by the wing for asymmetrical con- 
figurations arc illustrated by the zero-lift drag results 
presented in figure 15. A delta wing having symmetrical airfoil 

section was investigated in combination with an unindented 

fuselage and two indented fuselages. In one case, the normal 
cross-sectional areas of the wing were removed axially symmet- 

rically from the fuselage. In the other case, the total wing 
cross-sectional areas were removed o n l y  above the wing. With 
the asymmetrical indentation, the incremental drag coefficient 

CD , which is based on fuselage frontal area, was considerably 
higher than that for the symmetrical indentation throughout 

0 
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t h e  Mach number range of t he  t e s t .  F u r t h e r ,  t h e  asymmetric i n -  

d e n t a t i o n  produced adverse  e f f e c t s  on t h e  d rag  compared w i t h  

t hose  obta ined  w i t h  no i n d e n t a t i o n  a t  Mach numbers above 1.1. 

S i m i l a r  adverse  e f f e c t s  would be expected f o r  an  a i r p l a n e  con- 

f i g u r a t i o n  w i t h  symmetr ical  wing  s e c t i o n s  w i t h  f u s e l a g e  shaping  

concen t r a t ed  above o r  below t h e  wing. For l i f t i n g  c o n d i t i o n s ,  

an asymmetric f u s e l a g e  o f  t h e  type shown i n  f i g u r e  15 may 

r e s u l t  i n  r e d u c t i o n s  i n  wave drag. 

F o r  t h e  u s u a l  des ign  c o n d i t i o n s ,  t h e  problem of 

de te rmining  t h e s e  r e f l e c t e d  e f f e c t s  e x a c t l y  is  ext remely  com- 

p l ex  s i n c e  t h e  r e f l e c t i o n  i s  only pa r t i a l .  However, a r easonab le  

approximat ion  of t h e  e f f e c t  i s  obta ined  by assuming t h a t  t h e  

r e f l e c t i o n  is  complete f o r  d i s t u r b a n c e s  o r i g i n a t i n g  i n  t h e  

r e g i o n  of t h e  wing and is n o t  p re sen t  f o r  d i s t u r b a n c e s  produced 

by the f u s e l a g e  ahead of and behind the  wing r o o t .  With such an 

assumption; t h e  a r e a s  of t h e  f u s e l a g e  above and below t h e  p lane  

of t h e  wing a r e  consklered s e p a r a t e l y ;  while  ahead of and behind 

t h e  wing, t h e  complete f u s e l a g e  a r e a s  are  u t i l i z e d .  Such a 

procedure  is  s t r i c t l y  a p p l i c a b l e  only when t h e  wing l e a d i n g  

edge i s  supersonic .  However, exper imenta l  r e s u l t s  for s e v e r a l  

asymmetr ica l  c o n f i g u r a t i o n s ,  i nc lud ing  those  presented  i n  

f i g u r e  15 have i n d i c a t e d  t h a t  f u s e l a g e  contours  based on t h e s e  

s e p i r a t e  a r e a  developments p r o v i d e  i nc reased  r e d u c t i o n s  i n  d r a g  

even a t  lower Mach numbers. The a r e a s  above and below t h e  

h o r i z o o % r , l  t a i l  arc separated i n  a s i m i l a r  manner. 

The c r o s s - s e c t i o n a l  a r e a s  t o  account  for t h e  r e f l e c t -  

ed d i s t u r b a n c e s  above or below t h e  wing or t a i l  p lane  can  be 

e s t i m a t e d  by the method o f  images. Within t h e  s i m p l i f y i n g  

assumpt ion  d e s c r i b e d  e a r l i e r ,  t h e  f l o w  i n  t h e  r e g i o n  above t h e  

wing p l ane  i s  t h e  same a s  t h a t  f o r  a wing f u s e l a g e  composed of 

t h e  a r e a  development above t h e  wing p lane  p l u s  i t s  mir rored  

image. Then t h e  e f f e c t s  of  t h e  r e f l e c t e d  waves a r e  e s t ima ted  by 

c o n s i d e r i n g  a c o n f i g u r a t i o n  having twice  t h e  a r e a s  of t h e  wing 
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and fuselage above the wing plane. A corresponding procedure is 

utilized to obtain the areas for below the wing plane. 

In general, the combining of the area developments 
above or below the wing or tail planes with the complete areas 

for the fuselage ahead or behind the wing or tail to form com- 
plete area developments will result in discontinuous develop- 
ments. These discontinuities do not represent real effects of 
t,he asymmetric configuration on the flow. Since the wave drag is 
related to the longitudinal rate of change of cross-sectional 
area rather than to the cross-sectional area, the real effect is 

approximated by shifting the areas, so that area developments 

a r t  continuous. Representative area developments for above and 
below the wing plane as determined by this method are shown in 
figure 14. 

Inlet and Exhaust 

Several experimental investigations have demonstrated 

that the equivalent stream tube area for the air swallowed by 

the engine air inlet should be subtracted from the total area 
development for the configuration from the air inlet to the 

exit to obtain the most satisfactory interpretation of the wave 

drag using area development. For most airplanes, the general 

stream flow usually separates from bhe fuselage surface at the 

corner of the jet exit. Beyond this station jet and separated 
flow displace the unseparated stream, The general displacement 
of the stream generally expands downstream. For configurations 

with nacelle-mounted engines, displacement of the Jet may have 
a significant influence on the drag. For such cases, such an 

expansion of the jet should be taken into account. However, for 

the calculation of the wave drag for configurations with bases 

which form the end of the effective area development, 
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t h e  a d d i t i o n  o f  c o n s t a n t  area a t  t h e  base would seem s a t i s f a c -  

t o r y  for t h e  p r e s e n t .  T h i s  area i s  ob ta ined  by s u b t r a c t i n g  t h e  

s t ream-tube area e n t e r i n g  t h e  i n l e t  from t h e  base area. 

Long i tud ina l  Shape o f  Fuselage 

F o r  most p r a c t i c a l  a i r p l a n e  c o n f i g u r a t i o n s ,  t h e  c r o s s -  

s e c t i o n a l  a r e a s  a r e  u s u a l l y  f i x e d  near t h e  nose,  i n  t h e  mid- 

r e g i o n ,  and near  t h e  t a i l  as shown i n  f i g u r e  1 6 ,  Obviously,  i n  

t h e  midrcglon,  t h c  f i x c d  2 r c a  iccludes t5s a v e r a g e  wing a r e a s  

superimposed o n  f i s e d  fuselage &reas,   here as n e a r  t h e  r e a r -  

ward end o f  t h e  a i r p l a n e ,  t h e  a v t r a g e  k a i L  areas a r e  added t o  

t h e  f u s e l a g e  a r e a .  A t  supersonic  Mach nunbers for t h e  f i n e n e s s  

r a t i o s  u t i l i z e d  f o r  p r x c t i c a l  a i r c r a f t ,  t he  s lender-body t h e o r y  

does  n o t  provide  a r e l i a b l e  i c d i c a t i o n  of t h e  a r e a  development 

f o r  minimum wave d rag  for s u c h  f i x e d  conditfois; and, the: non- 

slender l i n e a r  t h e ~ r g  s h o u l d  b e  u t i l i z e d ,  However, because of  

t h e  extremz complexi ty  of th is  n o r e  iPc7--Jsive t h e a r y ,  i t s  u s e  

for t h e  c o n p u t a t i a n  of t h e  t x z c t  minimum-drag dcveloprnents f o r  

t h e s e  f i x e d  c o n d i t i o n s  i s  i m p r a c t i c a l  a t  p r e s e n t .  Pa rke r  ( r e f -  

e r ence  11) has ob ta ined  a nonslender s o l u t i o r -  f o r  t h e  c o n d l t l o n s  

o f  f i x e d  l e n g t h s  and f i x e d  maximum a r e a s  a t  t h e  mid-body s t a t i o n .  

Approximations of t h e  developments f o r  t h e  f i x e d  c o n d i t i o n s  o f  

p r a c t i c a l  a i r p l a n e s  may be obtained through a c o n s i d e r a t i o n  of  

t h e  developments f o r  t h e s e  s impler  c o n d i t i o n s .  Although such 

developments  depend on f i n e n e s s  r a t i o  and Mach number, f o r  t h e  

v a l u e s  o f  f i n e n e s s  r a t i o  of p r a c t i c a l  i n t e r e s t  and f o r  Mach 

numbers f r o m  1 . 2  t o  2 ( t h e  probable  range  i n  which fuselage con- 

t o u r s  w i l l  be des igned  Gn t h e  b a s i s  of t h e  a r e a  r u l e )  t h e  shapes 

a r e  approx ima te ly  t h e  sameo The shape for a mean c o n d i t i o n  of 

these  r a n g e s  i s  shown i n  f i g u r e  16e T h i s  shape i s  based on an 

i n t e r p o l a t i o n  of shapes ob ta ined  by Parker. It may be rioted :hat 
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t h i s  development h a s  a c o r n e r  and c o n s i s t s  of approximately 

s t r a i g h t  l i n e s  over  most of t h e  l e n g t h .  T h i s  s u g g e s t s  t h a t  t h e  

minimum-wave-drag envelope f o r  t h e  f i x e d  c o n d i t i o n s  shown i n  

f i g u r e  16  might be approximated by f a i r i n g  s t r a i g h t  l i n e s  t a n g e n t  

t o  t h e  f i x e d  a r e a  developments a s  shown, 

The e f f e c t s  of f u s e l a g e  mod i f i ca t ions  based on s e v e r a l  

envelope a r e a  developments ( f i g u r e  1 7 )  have been determined 

du r ing  t h e  t e s t s  of an  a i r p l a n e  w i t h  42O swept wings. One 

envelope u t i l i z e s  t h e  s t r a i g h t - l i n e  f a i r i n g s  based on nons lender  

body theo ry  a s  j u s t  d i s c u s s e d ;  t h e  o t h e r  approximates  t h a t  which 

would have minimum wave d r a g  based on s lender-body theo ry .  The 

d e s i g n  Mach number was 1 .2 .  T h e  i nc remen ta l  minimum wave-drag 

c o e f f i c i e n t s  which a r e  based on wing a r e a ,  f o r  Mach numbers t o  

1 .2  a r e  presented  i n  f i g u r e  17. The d rag  r e s u l t s  i n d i c a t e  t h a t  

the f u s e l a g e  con tour s  based on t h e  s t r a i g h t - l i n e - f a i r i n g  envelope 

produce s i g n i f i c a n t l y  lower wave drag t h a n  d i d  t h e  c o n t o u r s  

based on the  approximation o f  t h e  s lender-body theo ry .  Before t h e  

nonslender-body theo ry  became a v a i l a b l e ,  t h e  u s e  of t h e  s t r a i g h t -  

l i n e  envelope r a t h e r  t h a n  t h e  s lender-body-theory minimum-drag 

envelope was proposed as a means f o r  improving t h e  d r a g  a t  o f f -  

des ign  cond i t ions .  Experimental  r e s u l t s  f o r  s e v e r a l  c o n f i g u r a t i o n s  

i n d i c a t e  t h a t  t h e  use  of such a n  envelope i n  p r e f e r e n c e  t o  one 

based on slender-body theo ry  r educes  t h e  wave d r a g  a t  o f f - d e s i g n  

c o n d i t i o n s  cons ide rab ly  more t h a n  a t  t h e  d e s i g n  c o n d i t i o n s .  

Cross -Sec t iona l  Shape 

The c r o s s - s e c t i o n a l  shapes  f o r  t h e  f u s e l a g e  a r r i v e d  

a t  by the  more comprehensive t h e o r y  of Lomax and H e a s l e t  ( r e f -  

e rence  10) may be i m p r a c t i c a l ,  However, t h e  r e s u l t s  of t h e s e  

c a l c u l a t i o n s  sugges t  p r a c t i c a l  shapes  which should  p rov ide  i m -  

proved r educ t ions  of wave d rag .  When f e a s i b l e ,  such  changes i n  

shape should be concen t r a t ed  on t h e  s i d e s  of f u s e l a g e .  When t h e  
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depth  of t h e  f u s e l a g e  s i d e  above o r  below t h e  wing o r  t a i l  is 
r e l a t i v e l y  small, such a procedure mry r e s u l t  i n  excess ive  

changes of t h e  s l o p e s  of t h e  l i n e s  of t h e  f u s e l a g e  s i d e s ,  un- 

d e s i r e d  i n c r e a s e s  i n  t h e  f u s e l a g e  wet ted  a r e a ,  and unwieldy 

d i s t r i b u t i o n s  of f u s e l a g e  volume. For such c o n d i t i o n s ,  t h e  

r e q u i r e d  changes i n  thef 'use l rge  a rea  development have been dis- 

t r i b u t e d  around t h e  t o p  o r  bottom of t h e  f u s e l a g e  as  wel l  8 s  

on t h e  s i d e s ,  Where p o s s i b l e ,  t h e  changes i n  t h e  f u s e l a g e  a r e a  

development in tended  t o  o f f s e t  d i s t u r b a n c e s  produced by canopies ,  

s t o r e s ,  n a c e l l e s ,  f a i r i n g s ,  and o the r  s i m i l a r  aomponents 

producing changes i n  t h e  a r e a  developments should be placed as 

c l o s e  as p o s s i b l e  t o  t h e s e  components. 

Wing Conf i g u r 8 t i o n  and Design Mach Number 

The range and r e l a t i v e  nagni tude  of t h e  f a v o r a b l e  

e f f e c t s  of body shaping b8scd on the supe r son ic  a r e a  r u l e  a r e  

markedly inf luenced  by the wing conf igu ra t ion .  Comparisons of  

a number of exper imenta l  r e s u l t s  have i n d i c a t e d  t h a t  t h e  

general. o v e r a l l  e f f e c t i v e n e s s  of body shaping is u s u a l l y  g-?eat-  

tr w i t h  i nc reased  wing o r  t a i l  leading-edge sweep. A l s o ,  COP-  

p a r i s o n s  of unpubl-hed experimental  r e s u l t s  have shown t h a t  

t h e  r e l a t i v e  e f f e c t i v e n e s s  of body Shaping i s  l a r g e r  w i t h  t h e  

c e n t r o i d s  of t he  c r o s s - s e c t i o n a l  a r e a s  of t h e  wing or t a i l  

c l o s e r  t o  t h e  f u s e l a g e .  Such Inward p o s i t i o n s  of t h e s e  c e n t r -  

o i d s  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  lower a s p e c t  r a t i o s  and 

t a p e r  r a t i o s  of t h e  p l an  forms and t h e  u s e  of spanwise reduc-  

t i o n  i n  t h e  s e c t i o n  t h i c k n e s s  r a t i o s  from r o o t  t o  t i p ,  Grea te r  

wing sweep o r  inward p o s i t i o n s  of the c e n t r o i d s  g e n e r a l l y  

causes  t h e  area d i s t r i b u t i o n s  for t h e  wing and t a i l  s u r f a c e s  

f o r  t h e  v a r l o u s  va lues  of 8 a t  t h e  V8riOus Mach numbers t o  

approach  more n e a r l y  t h e  average d i s t r i b u t i o n  used t o  des ign  

c 
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t h e  fuse l age  contours .  Thus, t h e  i r r e g u l a r i t i e s  i n  t h e  a r e a  

d i s t r i b u t i o n s  f o r  t h e s e  v a r i o u s  c o n d i t i o n s  a r e  l e s s  and t h e  

wave drag is l e s s .  

The des ign  Mach number f o r  t h e  f u s e l a g e  contour  which 

wou ld  provide t h e  optimum comprmise  performance f o r  t h e  range  

of ope ra t ion  of an a i r p l a n e  is dependent on t h e  r e l a t i v e  i m p o r t -  

ance of ope ra t ions  a t  t h e  va r ious  c o n d i t i o n s  and t h e  e f f e c t i v e -  

nes s  of  the  shaping a t  t h e s e  cond i t ions .  Unfo r tuna te ly ,  l i t t l e  

in format ion  i s  a v a i l a b l e  on t h e  e f f e o t i v e n e s s  of v a r i o u s  body 

shapes  f o r  wide ranges  of c o n d i t i o n s .  U n t i l  such in fo rma t ion  i s  

ob ta ined ,  i t  would seem a d v i s a b l e  t o  des ign  t h e  contour  f o r  a 

s p e c i f i c  Mach number equal  t o  a weighted average  o p e r a t i o n a l  

speed,  wi th in  t h e  l i m i t a t i o n s  d i scussed  below. 

Comparisons of a r e a  developments and l i m i t e d  experiment- 

a l  r e s u l t s  have i n d i c a t e d  t h a t ,  when a f u s e l a g e  is shaped on t h e  

b a s i s  of t h e  supe r son ic  a r e a  r u l e  f o r  a Mach number s i g n i f i c a n t l y  

g r e a t e r  than t h a t  f o r  which t h e  l e a d i n g  edge becomes supe r son ic ,  

t h e  r educ t ion  i n  d rag  a t  t h e  d e s i g n  c o n d i t i o n  i s  g e n e r a l l y  only  

s l i g h t l y  g r e a t e r  t han  t h a t  ob ta ined  a t  t h i s  speed wi th  a shaping  

des igned  f o r  a Mach number l e s s  t h a n  t h e  c r i t i c a l  va lue .  On t h e  

o t h e r  hand, t h e  r e d u c t i o n s  i n  d rag  a t  Mach numbers below t h i s  

c r i t i c a l  va lue  obta ined  wi th  such a shaping a r e  cons ide rab ly  

l e s s  than  those  r e s u l t i n g  from shapings  des igned  f o r  t h e s e  lower 

speeds,  p a r t i c u l a r l y  a t  Mach numbers n e a r  1.0. The re fo re ,  t h e  

f u s e l a g e  should g e n e r a l l y  n o t  be des igned  f o r  a Mach number 

s i g n i f i c a n t l y  g r e a t e r  t han  t h i s  c r i t i c a l  v a l u e ,  even th.ough t h e  

average  ope ra t ing  speed of  t h e  a i r p l a n e  may be w e l l  beyond t h i s  

speed.  
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DELAY O F  DRAG RISE 

I n  t h i s  s e c t i o n ,  c o n s i d e r a t i o n  i s  g iven  t o  some 

r e c e n t  r e s u l t s  ob ta ined  on mod i f i ca t ions  t o  t h e  f u s e l a g e  and 

wing based on t h e  area r u l e  intended t o  d e l a y  the  o n s e t  of t h e  

d r a g  r i s e  a t  h i g h  subsonic  speeds.  Conf igu ra t ions  w i t h  t h i cke r ,  

more h i g h l y  cambered, h i g h  a s p e c t  r a t i o  wings g e n e r a l l y  u t i l i z e d  

f o r  a i r p l a n e s  des igned  t o  c r u i s e  a t  h i g h  subsonic  speeds  a r e  

cons idered .  A t  c r u i s e  c o n d i t i o n s ,  such a i r p l a n e s  u s u a l l y  o p e r a t e  

a t  moderate l i f t  c o e f f i c i e n t s ;  t h e r e f o r e ,  t h e  c o n s i d e r a t i o n s  

w i l l  be l i m i t e d  t o  such c o n d i t i o n s .  Fo r  such  wings o p e r a t i n g  a t  

moderate  l i f t  c o e f f i c i e n t s  t h e  i n l t i a b  d rag  r i s e  i s  u s u a l l y  

a s s o c i a t e d  w i t h  shock-induced s e p a r a t i o n  on t h e  upper s u r f a c e  

o f  t h e  wing. T h i s  s e p a r a t i o n  normally n o t  on ly  causes  d rag  r i s e  

b u t  a l s o  produces v a r i a t i o n s  i n  l i f t ,  adve r se  changes i n  t h e  

pitching-moment c h a r a c t e r i s t i c s ,  and b u f f e t .  The m o d i f i c a t i o n s  

t o  be d i s c u s s e d  a r e  in tended  %o delay  t h e  i n i t i a l  o n s e t  of t h e  

shock wave, t h u s  d e l a y i n g  t h e  a s s o c i a t e d  boundary-layer  s epa ra -  

t i o n  and t h e  r e s u l t i n g  adve r se  e f f e c t s .  Such m o d i f i c a t i o n s  should  

normal ly  p rov ide  d i r e c t l y  a n  i n c r e a s e  i n  t h e  Mach number f o r  

d r a g  r i s e  o f  roughly  .O7. With t h e  i n c r e a s e  i n  wing sweep which 

such  m o d i f i c a t i o n s  make p r a c t i c a l  the d e l a y  of d r a g  r i s e  should 

be rough ly  0.14 Mach number. 

S t r e a m l i n e  Fuse lage  Shaping 

Fuse lage  m o d i f i c a t i o n s  t o  d e l a y  t h e  o n s e t  of t he  

i n i t i a l  shock wave of t h e  sweptback wings were proposed b e f o r e  

t he  d i s c o v e r y  of  t h e  a r e a  r u l e .  Such m o d i f i c a t i o n s  were in t ended  

t o  p rov ide  an  al ignment  of t h e  f u s e l a g e  s u r f a c e  w i t h  t h e  stream- 

l i n e s  ove r  a n  i n f i n i t e  sweptback wing, t h u s  reducing  t h e  adverse  

i n t e r f e r e n c e  of t h e  f u s e l a g e  on t h e  l o c a l  f low f i e l d  over  t h e  



r o o t  s e c t i o n s  of t h e  wing. T h i s  a p p r o a c h  was o r i g i n a l l y  propos- 

ed by Kiichemann i n  Germany; however, it was a l s o  independent ly  

proposed by Watkins of t he  Langley ReBearck Center .  P number of 

experiments  were made of such f u s e l a g e  m o d i f i c a t i o n s .  Represent -  

a t i v e  r e s u l t s  o f  one of t h e  more r e c e n t  i n v e s t i g a t i o n s  of  such 

mod i f i ca t ions  made i n  t h e  A m e s  1 6 - f o o t  high-speed wind t u n n e l  

are presented  i n  f i g u r e  18 ( r e f e r e n c e  1 2 ) .  The wing of  t h e  con- 

f i g u r a t i o n  had 35" ofsweepback, a n  a s p e c t  r a t i o  of 6 ,  t aper  

r a t i o  0.5, and NACA 646015 s e c t i o n s  normal t o  t h e  50 -pe rcen t  

chord l i n e .  The b a s i c  bodies  of t h e  c o n f i g u r a t i o n  were shaped 

accord ing  t o  Sears-Haack formult f o r  minimum drag  w i t h  a g iven  

volume. The body was modified around t h e  e n t i r e  p e r i p h e r y  i n  a n  

a t t e m p t  t o  provide  a flow a t  t h e  r o o t  o f  t h e  wing e s s e n t i a l l y  

the  same a s  f o r  i n f i n i t e  span wing. The t h e o r y  u t i l i z e d  i n  t h i s  

d e s i g n  has been developed by McDevitt a s  a n  e x t e n s i o n  of t h e  

t h e o r y  proposed by Kcchemann and Weber p r e s e n t e d  i n  r e f e r e n c e  

13. The modif i c a t i o n  c o n s i s t s  e s s e n t i a l l y  of  a n  i n d e n t a t i o n .  

The r e s u l t s  p re sen ted  i n  t h e  f i g u r e  a r e  f o r  a l i f t  c o e f f i c i e n t  

of 0.3. I t  may be seen  t h a t  t h i s  body shaping  provided a s l i g h t  

d e l a y  i n  t h e  drag  r i se  Mach number and a c o n s i d e r a b l e  r e d u c t i o n  

of t h e  drag i n c r e a s e  a t  Mach numbers o f  t h e  o rde r  of 0.9. 

Area Rule Fuse lage  Shaping 

The r e s u l t s  ob ta ined  w i t h  Mach number of 1 a r e a - r u l e  

f u s e l a g e  shaping  have u s u a l l y  i n d i c a t e d  t h a t  such  shap ings  

provide  not only  a r e d u c t i o n  i n  d r a g  a t  Mach number o f  1, b u t  

a l s o  a s l g n i f i o a n t  d e l a y  of t h e  d r a g  r i s e  Maah number both  a t  

h igh  lift and l i f t  a o n d i t i o n s .  T h i s  delay is usually of t h e  

same order  as t h e  d e l a y  provided by the  s t r e a m l i n e  shap ing  J u s t  

d i scussed .  More r e c e n t l y ,  I n v e s t i g a t i o n s  have been made of 

s p e c i a l  v e r s i o n s  of t h e s e  a r e a - r u l e  s h a p i n g s  i n t e n d e d  t o  
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provide  g r e a t e r  a p p l i c a b i l i t y  of a p p l i c a t i o n  as  w e l l  as impro-:$-- 

ments o f  e f f e c t i v e n e s s  i n  d e l a y i n g  d r a g  r i s e  Mach number (Refc-.- 

ence 1 4 ) .  F o r  e x i s t i n g  a i r p l a n e s  and f o r  d e s i g n s  where t h e  minim- 

um f u s e l a g e  dimensions a r e  e s t a b l i s h e d  by c l e a r a n c e  requi rements ,  

f u s e l a g e  shapings  in t ended  t o  d e l a y  t h e  d r a g  r i s e  u s u a l l y  would 

be accomplished by i n c r e a s i n g  the volume of  t h e  f u s e l a g e  o r  by 

a t t a c h i n g  appendages t o  t h e  p r i m a r y  f u s e l a g e  s t ruc t t a re .  The 

p r a c t i c a b i l i t y  of t h e  a p p l i c a t i o n  of such f u s e l a g e  a d d i t i o n s  fs 

g e n e r a l l y  i n c r e a s e d  by c o n c e n t r a t i n g  such a d d i t i o n s  on l i m i t e d  

r e g i o n s  of t h e  f u s e l a g e ,  inasmuch as t h i s  procedure g e n e r a l l y  

r e s u l t s  i n  a s i m p l i f i c a t i o n  and a r e d u c t i o =  o f  weight  o f  t h e  

f u s e l a g e  s t r u c t u r e  and a n  i n c r e a s e  i n  t h e  u s a b i l i t y  of t h e  added 

f u s e l a g e  volume, Emphasis, t h e r e f o r e ,  has  been p l aced  on such 

c o n c e n t r a t e d  a d d i t i o n s  i n  t h e  p r e s e n t  s tudy ,  

The o n s e t  of d r a g  r i s e  f o r  an  a i r p l a n e  w i t h  a re la t iva?-  

ly t h i c k  wing a t  c r u i s e  l i f t  c o e f f i c i e n t s  i s  u s u a l l y  caused 

p r i m a r i l y  by boundary-layer  s e p a r a t i o n  on t h e  upper s u r f a c e  o f  

t h e  wing r e s u l t i n g  from t h e  development of an I n i t i a l  shock 

wave above t h e  wing. The shock-induced s e p a r a t i c n  I s  usualby 

l e s s  s e v e r e  on t h e  f u s e l a g e  and t h e  inboard s e c t i o n s  o f  t h e .  wing 

t h a n  on t h e  midsemispan r e g i o n  o f  t he  wing. The d i f f e r e n c e  

p a r t i c u l a r l y  g r e a t  f o r  sweptback wings. Fuse lages  shaped t o  1 

prove t h e  l o n g i t u d i n a l  area development f o r  t h e  a i r p l a n e  t e n a  +: 

r educe  t h e  s t r e n g t h  of  t h e  i n i t i a l  shock over t h e  inboard r e g i o n  

of the  wing, t he reby  f u r t h e r  i n c r e a s i n g  t h e  d i f f e r e n c e  i n  e x t e n t  

of s e p a r a t i o n  a long  t h e  wing span. I n c r e a s i n g  the  l i f t  on t h e  

l e s s  c r i t i c a l  upper s u r f a c e s  of t he  f u s e l a g e  and t h e  inboard  

s e c t i o n s  of t h e  wing, t he reby  a l lowing  a d e c r e a s e  i n  l i f t  on t h e  

more c r i t i c a l  outboard r eg ion ,  should r e s u l t  i n  a d e c r e a s e  i n  

boundary- layer  s e p a r a t i o n  along t h e  outboard wing s u r f a c e .  It 

would be expec ted  t h a t  t h e  favorabke e f f e c t  of t h i s  r e d u c t i o n  

i n  s e p a r a t i o n  on t h e  midsemispan r eg ion  of t h e  upper surPac5 

would be c o n s i d e r a b l y  g r e a t e r  t h a n  any adve r se  e f f e c t s  of  t -  



c r e a s i n g  t h e  lift on t h e  f u s e l a g e  and inboard s e c t i o n s  of t h e  

wing, and t h u s  a n  o v e r a l l  improvement should r e s u l t ,  

I n  t h e  p r e s e n t  des ign ,  t he  l o c a l i z e d  i n c r e a s e s  of l ift 

on t h e  upper s u r f a c e s  of t h e  f u s e l a g e  and inboard s e c t i o n s  Of 

t h e  wing have been accomplished by i n c o r p o r a t i n g  camber i n  t h e  

fuse l age .  F o r  t h e  u s u a l  f u s e l a g e  a d d i t i o n s  in tended  t o  improve 

thc  a rea  developments, w i t h  forward and rearward a d d i t i o n s  

above and below t h e  wing, t h e  d e s i r e d  camber i s  e f f e c t i v e l y  ob- 

t a i n e d  by adding v e r t i c a l l y  t o  t he  upper  forward and l o w e r  

rearward par t s  of such a d d i t i o n s  and s u b t r a c t i n g  v e r t i c a l l y  

from t h e  lower  f o r w a r d  and upper rearwar'd p a r t s .  Such a modif- 

i c a t i o n  s h o u l d  a l s o  provide  a f a v o r a b l e  i n c r e a s e  I n  l i f t  on 

t h e  lower s u r f a c e  of  t h e  wing. 

S c h l i e r e n  pho tographs  have i n d i c a t e d  t h a t  f o r  t h e  

speed and l i f t  c o n d i t i o n s  a t  which t h e  f u s e l a g e  shaping  normal- 

ly i s  m o s t  u s e f u l ,  t h e  f l o w  i s  u s u a l l y  supe r son ic  by a c o n s i d e r -  

a b l e  degree  i n  a r e l a t i v e l y  l a r g e  l o c a l  r e g i o n  above t h e  upper 

s u r f a c e  o f  t h e  wing. The re fo re ,  i t  would  seem probable  t h a t  t o  

o b t a i n  the  g r e a t e s t  r e d u c t i o n  i n  the  s t r e n g t h  o f  t h e  i n i t i a l  

shock wave i n  t h i s  speed range ,  t h e  f u s e l a g e  a d d i t i o n  above t h e  

wing s h o u l d  be shaped l o n g i t u d i n a l l y  t o  improve t h e  a r e a  deve l -  

opments obta ined  w i t h  t h e  ob l ique  c u t t i n g  p l a n e s  a s s o c i a t e d  

w i t h  supersonic  f i e l d s .  Such a shape may be approximated by 

moving t h e  shaping f o r  a d e s i g n  Mach number of 1 , O  somewhat 

f o r w a r d  

Fuse lage  a d d i t i o n s  shaped on t h e s e  c o n s i d e r a t i o n s  

have been i n v e s t i g a t e d  on t h e  c o n f i g u r a t i o n  shown i n  f i g u r e  19. 
The wing had 35" of sweepback of t h e  qua r t e r - chord  l i n e ,  a n  

a s p e c t  r a t i o  of 7.05 and a t a p e r  r a t i o  of 0~38. T h e  wing 

s e c t i o n s  v a r i e d  l i n e a r l y  from a NACA 65A213, a 0 . 5  ( approx . )  

s e c t i o n  a t  t h e  wing-fuselage J u n c t u r e  t o  a n  N A C A  65A209, a = 

0.5 (approx . )  s e c t i o n  a t  t h e  O.38-sernispan s t a t i o n ,  w i t h  a n  

N A C A  65A209, a = O e 5  ( approx . )  s e c t i o n  f r o m  t h a t  s t a t i o n  t o  t h e  
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t ip , ,  Nei ther  wing had any b u i l t - i n  t w i s t  o r  d i h e d r a l ,  The bas*.c 

f u s e l a g e  u t i l i z e d  i n  t h e  i n v e s t i g a t i o n  i s  c y l i n d r i c a l  i n  t h e  

r e g i o n  of t h e  wing. 

Inasmuch a s  t h e  t o t a l  lower and t h e  reduced upper  

rearward a d d i t i o n s  t o  t h e  f u s e l a g e  cannot  a f f e c t  t o  a l a r g e  

degree  t h e  boundary-layer s e p a r a t i o n  on t h e  upper s u r f a c e  of 

t h e  wing, i t  would be expected t h a t  t h e s e  a d d i t i o n s  t o  t h e  

f u s e l a g e  would c o n t r i b u t e  r e l a t i v e l y  l i t t l e  t o  t h e  r e d u c t i o n  i n  

t o t a l  d rag  r i s e  of t h e  c o n f i g u r a t i o n ,  Therefore ,  t h e  f u s e l a g e  

a d d i t i o n  shown has  been l i m i t e d  t o  t h e  upper  forward p o r t i o n  o f  

t h e  f u s e l a g e .  The a d d i t i o n  was concent ra ted  on t o p  o f  t h e  

f u s e l a g e ,  The shape of t h i s  a d d i t i o n  was obtained by s h i f t i n g  

a contour  des igned  for a Mach number of 1.0 forward a d i s t a n c e  

o f  roughly  15 percen t  of t h e  wing-fuse lage- junc ture  chord, 

The f u s e l a g e  a d d i t i o n  provides  a de lay  of t h e  d r a g  

r i s e  of approximate ly  0.02 f o r  a l i f t  c o e f f i c i e n t  of 0,3 ( f i g -  

u r e  2 0 ) .  The drag  r i s e  Mach number h a s  been a r b i t r a r i l y  chosen 

a s  t h e  va lue  a t  which CD/M = 0.10. The de lays  f o r  lower and 

h i g h e r  l i f t  c o e f f i c i e n t s  a r e  l e s s  than  f o r  a l i f t  c o e f f i c i e n t  

of 0.3. The d rag  b e n e f i t s  a s s o c i a t e d  with t h e  proposed method 

appear  t o  be of t h e  same o r d e r  as t hoseob ta inab le  wi th  t h e  

KGchemann " s t r eaml ine"  method f o r  a comparable c o n f i g u r a t i o n ,  

(See r e f e r e n c e  12 f o r  example).  However, t h e  p r a c t i c a b i l i t y  o f  

a p p l i c a t i o n  of t h e  p r e s e n t  concent ra ted  a d d i t i o n  normally should. 

be c o n s i d e r a b l y  g r e a t e r  t han  t h a t  of  an  a d d i t i o n  r e q u i r e d  t o  

provide  t h e  Kzchemann shaping.  

Addi t ions  on Wing 

The s p e c i a l  f u s e l a g e  a d d i t i o n  j u s t  desc r ibed  i n  

r e f e r e n c e  1 4  provides  a p r a c t i c a l  means o f  ob ta in ing  a s i g n i -  

f i c a n t  d e l a y  of t h e  s e p a r a t i o n  on t h e  inboard s e o t i o n  o f  ;, ring; 
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however, this addition causes only secondary reductions of 
separation on the outboard sections. As a means of reducing the 

separation on these outer sections., a series of special bodies 
added on the upper surface of the wing are proposed (Referenoe 
1 5 ) .  The forward portions of these bodies decelerate the super- 
sonic f l o ~  ahead of the shock wave above the wing with a result- 
ing decrease of the strength of the shock wave and the assocfat- 

ed separation. 
Investigations of the wing additions have been made 

using essentially the wing-fuselage configuration shown in 

figure 19. The added bodies investigated are also shown in 
figure 19. Four bodies were placed on each wing panel with the 
body center lines at the 27-, 45-, 6 3 - ,  and 80-percent semispan 
stations, The lengths of the bodies were equal to the local wing 

chord, the noses of the bodies were at 40 percent wing chord, 
and the maximum body radii were at 90 percent wing chord. The 
additions were closed bodies of revolution with a fineness ratio 
of 6.5. At the trailing edge of the wing, 90 percent of the body 

diameter was above the wing. Rearward of the trailing edge the 
lower part of the body of revolution was removed s o  that none 

of the body extended below the wing chord plane. 

Since the spanwise extent of the favorable effects Of 
the added bodies on the flow field above the wing is relatively 

limited at Mach numbers under consideration, a number of such 

bodies must be utilized to obtain a satisfactory reduction of 

separation across the span. For configurations with fuselage 

additions similar to that utilized in the present investigation, 

no bodies need be placed on the wing near the fuselage. The 
surface flow surveys presented herein indicate that with such 

additions, the shock-induced boundary-layer separation is effect- 

f\relY eliminated near the fuselage at the conditions unde- 
c o? s id er a t i on e 

I 

The longitudinal area developments of cross-sectional. 
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a r e a  f o r  t h e  added bodies  have been a r r i v e d  a t  i ls ing a s p e c i a l  

ex tens ion  of t h e  a r e a  r u l e .  A t  %ne eonZi t ions  under cons ide r -  

a t i o n ,  t h e  l o c a l  shock wave  above the wing and t h e  f low f i e l d  

caus ing  t h e  wave, whi le  n o t  a s  broad as t h o s e  p r e s e n t  a t  Mach 

numbers n e a r  1 . 0 ,  do have cons ide rab le  v s r t i c a l  e x t e n t  ( s e e  

r e f e r e n c e  1 6 ) .  An i n d i c a t i o n  of t h e  g e n e r a l  i n f l u e m e  o f  t he  

added bodies  on t h i s  moderately ex tens ive  f i e l d  should  be 

provided by a=  a n a l y s i s  o f  t h e  e f f e c t s  o f  t h e  c r 2 s s - s e c t i o n a l  

a r e a s  of t h e  bodies  on t h e  a r e a  developments f o r  l o c a l i z e d  

chordwise segments alozg t h e  span o f  t h e  wing, The a n a l y s i s  

should  be m ~ s t  indicatiT.re ~ 5 t h  a wing oC k lgh  a s p e c t  r a t i o  and 

t h e  added bod ies  r e l ~ t f v e l y  c l o s e l y  spaced,  a s  f o r  t h e  conf ig -  

u r a t i o n  of t h e  p r e s e n t  i n v e s t i g a t i o n .  The a @ s t  r e a d i l y  i n t e r -  

p r e t e d  r e s u l t s  a r e  obta ined  by c o n s i d e r i c g  segmezts which 

i n c l u d e  s i n g l e  bodies .  Because t h e  changes I n  t he  f low f i e l d  

above t h e  wing at. low l i f t  c o e f f i c i e n t s  a r e  in f luenced  pr imar-  

i l y  by t h e  shape o f  t h e  u p F e r  sizrfsc'e, o n l y  t h e  c r o s s - s e c t i o n a l  

a reas  f o r  above t h e  chord > l a c e  have beer- Considered. F u r t h e r ,  

s i n c e  t h e  e f f e c t s  o f  t h e  p c r t f s n s  o f  t k s  b o d i e s  a f t  o f  t h e  

t r a i l i n g  edge a r e  secondary and r e l a t i v e l y  complex,  t h e  c r o s s -  

s e c t i o n a l  a r e a  developrc2nts for t hese  p a r t s  a r e  c o t  i n c l 3 d e d  

i n  t h e  a n a l y s i s .  

F o r  a swept wing, s i r n i l a r  t o  t h a t  of t h e  p r e s e n t  

i n v e s t i g a t i o n ,  t h e  a r e a - r u l e  a n a l y s i s  i s  f u r t h e r  modified.  For 

such  a wing having  a h igh  a s p e c t  r a t i o ,  with a skapeC fuselage, 

t h e  f low abou t  t h e  c r i t i c a l  midpanei r e g i o n  approximates  t h a t  

f o r  an i n f i n i t e  span  swept s e c t i o n ,  S i n c e  t h e  f low about  such  

a s e c t i o n  i s  pr i rnar i ly  dependent on t h e  shape of  t h e  s e c t i o n  

p e r p e n d i c u l a r  t o  t h e  swept elements ( r e f e r e n c e  l7), it would 

seem r e a s o n a b l e  t h a t  t h e  f l o w  about t h e  wing segments would be 

most c l o s e l y  d e f i n e d  by developments o f  t h e  c r o s s - s e c t i o n a l  

a r e a  o b t a i n e d  a long  the swept e lements ,  With t h e  added bodies  

r e l a t i v e l y  c l o s e l y  spaced,  an  approximate i n d i c a t i o n  o f  t h e  
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g e n e r a l  e f f e c t  of t h e  added bodies  on t h e  flow over  t h e  swept 

segments should be obta ined  by adding t h e  obl ique  c r o s s - s e c t i o n -  

a 1  a r e a s  of t h e  bodies  i n t e r s e c t e d  by t h e  c u t t i n g  p l anes  through 

the elements  of t h e  wing t o  t h e  corresponding a r e a s  f o r  t h e  wing 

segments.  T o  s i m p l i f y  t h e  computations,  normal components of t h e  

ob l ique  a r e a s  f o r  t h e  wing segments and normal a r e a s  f o r  added 

bodies  have been used i n  t h e  p r e s e n t  a n a l y s i s ,  These normal 

components f o r  t h e  wing have been approximated by m u l t i p l y i n g  

t h e  v e r t i c a l  o r d i n a t e s  of t h e  mean s e c t i o n  by t h e  w i d t h  of t h e  

segment ., 

The shape of t h e  t o t a l  a r e a  development u t i l i z e d  h a s  

been a r r i v e d  a t  by cons ide r ing  two-dimensional a i r f o i l  t h e o r y  

and exper imenta l  d a t a ,  s i n c e ,  wi th  a r e l a t i v e l y  c l o s e  spac ing  

o f  t h e  bodies ,  t h e  g e n e r a l  flow above t h e  wing segments and 

bodies  i s  probably s i m i l a r  t o  t h a t  above a two-dimensional wing 

s e c t i o n  w i t h  a s i m i l a r  upper s u r f a c e  a r e a  development. A g e n e r a l  

c o r r e l a t i o n  of d rag  r i s e  w i t h  a i r f o i l  shape s u g g e s t s  t h a t  f o r  

most usual a i r f o i l s  w i t h  r easonably  smooth con tour s  t h e  i n i t i a l  

drag r i s e  a t  low l i f t  c o e f f i c i e n t s  i s  p r i m a r i l y  dependent  on 

t h e  cu rva tu re ,  o r  r a t i o  of change of s l o p e ,  of t h e  upper s u r -  

f a c e  n e a r  t h e  maximum o r d i n a t e  of t h a t  s u r f a c e .  A reduced 

c u r v a t u r e  r e s u l t s  i n  a d e l a y  and r e d u c t i o n  of t h e  i n i t i a l  r i s e .  

For example, t h e  mean c u r v a t u r e  over  a 40-percent  chord r e g i o n  

c e n t e r e d  on t h e  maximum t h i c k n e s s  f o r  a n  N A C A  16A009 s e c t i o n  i s  

approximately 75 pe rcen t  of t h a t  f o r  a n  N A C A  65A-009 s e c t i o n ;  

t h e  i n i t i a l  d rag  r i s e  Mach number f o r  t h e  1 6 - s e r i e s  s e c t i o n  a t  

a l i f t  c o e f f i c i e n t  of 0 .2  i s  approximate ly  0 - 0 3  h i g h e r  ( r e f e r e n c e  

1 6 ) .  An equ iva len t  r e d u c t i o n  of t h e  c u r v a t u r e  i n  t h i s  r e g i o n  

a s s o c i a t e d  w i t h  a dec rease  i n  t h i c k n e s s  r a t i o  r e s u l t s  i n  a 

s i m i l a r  de lay  o f  d rag  r i s e  for 6 4 - s e r i e s  a i r f o i l s  (Reference  1 6 ) .  
Obviously,  t h e  changes i n  t h e  shapes  i n  t h e  f o r e  and a f t  p o r t i o n s  

of t h e  a i r f o i l  a s s o c i a t e d  w i t h  t h e  d e c r e a s e  i n  t h i c k n e s s  a r e  

comple te ly  d i f f e r e n t  from t h e  v a r i a t i o n s  between t h e  16- and 65- 
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s e r i e s  a i r f o i l s  i n  t h e s e  r e g i o n s ,  Therefore ,  t h e  t o t a l  a r e a  

developments f o r  t h e  bodies  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  have 

been des igned  p r i m a r i l y  t o  provide a r e l a t i v e l y  g radua l  r a t e  of 

change of s l o p e  of t h e  development near  t h e  peak a r e a  a s  for 

1 6 - s e r i e s  a i r f o i l s .  

The maximum c r o s s - s e c t i o n a l  a r e a s  f o r  t h e  bodies  near  

t h e  t r a i l i n g  edge a r e  approximately h a l f  of t h e  maximum a r e a s  

f o r  t h e  wing segments,  Experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  

use  of s i g n i f i c a n t l y  sma l l e r  bodies  r e s u l t s  in marked reduc-  

t i o n s  of e f f e c t i v e n e s s  i n  reducing d rag  r i s e ,  Use of l a r g e r  

bodies  r e s u l t s  i n  some inc rease  i n  e f f e c t i v e n e s s  a t  t h e  h i g h e r  

l i f t  c o e f f i c i e n t s .  However, t h e  value of  t h i s  improvement is 

probably l e s s  important  t han  t h e  a s s o c i a t e d  adverse  i n c r e a s e  

i n  s k i n - f r i c t i o n  drag  and weight.  

T e s t s  of t h e  conf igu ra t ion  were made i n  t h e  Langley 

8 - f o o t  t r a n s P n i c  tunne l  over a Mach number range from 0.60 t o  

0.95. The t e s t s  were conduoted a t  CL Reynolds number of approxim- 

a t e l y  4 x 10 per  f o o t .  A l l  c o n f i g u r a t i o n s  were t e s t e d  w i t h  ' 6  

I 
1 t r a n s i t i o n  f i i e d  by roughness s t r i p s  a t  t h e  10-percent -chord  

s t a t i o n s  on t h e  upper and lower s u r f a c e s  of t h e  wing, The str ips 

were 0.1-inch wide and cons i s t ed  o f  No.120 carborundum grain.s 

w i t h  approximate ly  20 g r a l n s  per inch. 

The l e s s e n i n g  of s e p a r a t i o n  a s s o c i a t e d  w i t h  adding  

t h e  bod ies  t o  t h e  conf igu ra t ion  with a f u s e l a g e  a d d i t i o n  r e s u l t -  

ed in s u b s t a n t i a l  r educ t ions  i n  drag a t  l i f t i n g  c o n d i t i o n s  f o r  

Mach numbers g r e a t e r  than  approximately O , 8 6 ,  For a l i f t  
l 

I c o e f f i c i e n t  of 0.3 a t  a Mach number of 0.92, t h e  drag  c o e f f i c i e n t  

I was reduced by approximately 0.012 ( f i g u r e  2 1 ) .  These r e d u c t i o n s  

i n  d r a g  provide  s i g n i f i c a n t  de l ays  of d r a g - r i s e  Mach number. A t  

a lift c o e f f i c i e n t  of O,3, t h e  Mach number a t  which CD/M = 0.1 

is i n c r e a s e d  by approximately 0.05  (from 0,85 t o  0 , g O ) .  A t  

speeds  j u s t  below t h e  ab rup t  drag  r i s e  t h e  drag  i n o r e a s e s  

, 



s l i g h t l y ,  because of t h e  l o c a l  r e g i o n s  of s e p a r a t i o n  and 

boundary-layer t h i cken ing ,  

~ 

Delays of  shock-induced boundary-layer s e p a r a t i o n  can,  

of  course,  a l s o  be obta ined  p r a c t i c a l l y  by lengthening  t h e  chord 

of t h e  wing, t h u s  provid ing  t h i n n e r  s e c t i o n s  and lower l i f t  

c o e f f i c i e n t s .  A chord ex tens ion  o f  about  25 percen t  would i n -  

c r e a s e  t h e  l o w  speed l e v e l  approximately t h e  same amounts a s  do 

wing a d d i t i o n s .  Analysis  o f  wing s e c t i o n  d a t a  ( r e f e r e n c e  16, 
f o r  example) and r e s u l t s  r ega rd ing  t h e  e f f e c t s  of  a s p e c t  r a t i o  

f o r  swept wings i n d i c a t e s  t h a t  a p r o p o r t i o n a l  l eng then ing  of' 

t h e  chord b y  t h i s  amount would de l ay  t h e  d r a g  r i s e  approximate ly  

0.01 Mach number. 

The added bodies  caused a marked r e d u c t i o n  i n  t h e  loss 

of l i f t  f o r  a g iven  angle  of a t t a c k  exper ienced  by t h e  conf ig-  

u r a t i o n  without  t h e  a d d i t i o n s  a t  Mach numbers g r e a t e r  t h a n  

approximately 0.86. A t  t h e  lower speeds,  t h e  a d d i t i o n s  r e s u l t e d  

i n  a s i g n i f i c a n t  dec rease  of  l i f t  a t  a given  a n g l e  of a t t a c k .  

T h i s  r e d u c t i o n  r e s u l t e d  i n  no a p p r e c i a b l e  i n c r e a s e  i n  d r a g  due 

t o  l i f t  a t  t h e s e  speeds.  

Adding t h e  bodies  t o  t h e  wing caused a marked l e s s -  

en ing  of t h e  n o n - l i n e a r l t i e s  of t h e  v a r i a t i o n s  o f  p i t c h i n g  

moment w i t h  l i f t  f o r  a l l t e s t  Mach numbers ( f i g u r e  22). Because 

of t h e  pronounced f a v o r a b l e  e f f e c t  of t h e  added bodies  on t h e  

pitching-moment c h a r a c t e r i s t i c s ,  i n c o r p o r a t i o n  of t h e s e  bodies  

should allow a s i g n i f i c a n t  i n c r e a s e  i n  t h e  wing sweep t h a t  can 

be p r a c t i c a l l y  u t i l i z e d .  Such a n  i n c r e a s e  i n  sweep would prov- 

i d e  a f u r t h e r  de l ay  o f  d r a g  r i s e .  

~ 

* 
* * 
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WING-BODY GOMBlNATlON AND EQUIVALENT BODY OF REVOLUTION 
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EFFECT OF BODY INDENTATION ON TRANSONIC DRAG RISE 
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PROCEDURE USED IN DETERMINING AREA DlSTRlBUTlONS 
FOR SUPERSONIC SPEEDS 

f 

Figure 8. 



a20 

0 6  

CORRELATION OF EXPERIMENTAL AND 
CALCULATED WAVE DRAG 

R A I N  SYMBOLS M a l 3  
FLAGGED syuBoLs M-I9 
R A I N  SYMBOLS M a l 3  
FLAGGED syuBoLs M-I9 

Figure 9. 

EFFECTS OF DESIGN MACH NUMBER 
SWEPT - WING coN1GURATH)N 

m6- 

"coo- - 

a- 

n-  - 
.E .9 ID 1.1 12 1.3 1.4 IS 

M 

Figure 10. 



DRAG SAVING B Y  LOMAX METHOD 

DESIGN MACH NUMBER =.A! 

-.004 THEORY 
E XP \ AcD [ --&---e--, e- 

l 

0 1.; 1.1 U 13 7 4  

MACH NUMBER 

Figure 11. 

MOME N T- OF-AR E A- R U L E M 0 D I F I CAT I ON 

D = Oo+ 0 2 B 2 +  04B4+ ... 

W X  
BASIC 

Figure 12. 

n 
MODlF I ED 



EFFECT OF MODIFICATIONS ON EXPERIMENTAL 
WAVE DRAG; G L = O  
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Figure 13. 

REFLECTION OF DISTURBANCES BY WING 
FOR AWMMETRIC CONFIGURATION 
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Figure 16. 
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